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Abstract 

To truly understand a reaction, detailed mechanistic investigations need to be performed. 

From these studies, new routes and pre-catalysts can be developed to produce chemicals 

relevant to the pharmaceutical, materials and agricultural industries. These routes will 

either make chemicals directly used in these industries or synthesise new molecules that 

can be used as ligands for catalysts within these industries. Herein this thesis work is 

presented on the mechanistic investigations of several catalytic procedures. 

 

β-diketiminate complexes have previously been utilised within the group for the 

dehydrocoupling of phosphines alongside hydroboration and hydrophosphination. Chapter 

2 details the substrate scope for the dehydrocoupling of both amine and phosphine 

boranes. This work also investigated the mechanism, with intermediate complexes 

isolated alongside kinetic studies. Also included are kinetic isotope studies to try and 

determine the bond making/breaking steps of the reaction. 

 

Following on from this Chapter 3 investigates using alternative hydrogen transfer agents 

for the hydrogenation of unsaturated C-C bonds. Initial work focused on the mechanism of 

amine/borane transfer hydrogenation. Deuterium labelling to determine the regioselectivity 

of the proton/hydride incorporation was investigated. High pressure hydrogenation was 

also carried out to determine if hydrogen release was part of the reaction. Complexes 

were isolated and their stability is discussed in conjunction with computational findings to 

suggest an alternative mechanism to the originally proposed process. This procedure was 

then developed further by using silanes as the hydride source, with the initial mechanistic 

studies and substrate scope presented. 

 

The final chapters (Chapters 4 & 5) detail work on the synthesis of a number of different 

phosphines using a cheap and efficient procedure that uses a commercially available 

base as the catalyst. The full optimisation process as well as the substrate scope for 

divinylphosphines, 1,2-diphosphines and 1,1-diphosphines is presented. Structural 

comparisons of 1,1-diphosphines has been carried out and this is also discussed. The 

novel 1,1-diphosphines have also been trialled as ligands for titanium and rhodium, with a 

view to synthesising heterobimetallic complexes. 
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Chapter 1 - Introduction 
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 Dehydrocoupling of amine/phosphine-boranes 1.1.

  Classic examples of dehydrocoupling 1.1.1.

Dehydrocoupling (DHC) is the process where a bond is formed between two main group 

elements with the loss of dihydrogen. There are many examples of this kind of reaction in 

the literature for both homo and hetero-DHC.1 Traditionally dehydrocoupled compounds, 

such as borazine (1, Fig. 1.1), were synthesised via thermal DHC by mixing ammonia and 

diborane and heating at high temperatures.2  

 

 

Figure 1.1 - Structure of borazine 

There is a large amount of research into this area because compounds like ammonia-

borane are postulated to be excellent for hydrogen storage.3 The reasons ammonia-

borane is a desirable storage material is due to it having a high weight percentage of 

hydrogen (19.6%), is stable in air and is not highly flammable, meaning it is easy to 

handle and store. However, there are issues surrounding using ammonia-borane as a 

hydrogen source. As was mentioned previously, these compounds usually require 

vigorous heating to dispel H2 and there is not a simple solution to regenerate spent fuel, 

as hydrogenation of the spent fuel is not energy efficient due to the stability of the 

products.3 This is why finding a method for catalytic DHC is such an important area of 

research. The main focus of this section will be on the DHC of amine- and phosphine-

boranes (Scheme 1.1).  

 

 

Scheme 1.1 - General scheme for a DHC reaction 

The DHC of amine-boranes (AB) has been known since the 1920s when Stock and 

Pohland synthesised borazine via thermal DHC.2 As this compound was isoelectronic with 

benzene, which was already well studied, further work by Stock set out to understand the 

structure of borazine.4 The first example for the DHC of phosphine boranes was not 

achieved until 1940 by Gamble and Gilmont.5 As Stock had previously shown that 

borazine could be formed by diamine diborane (B2H6∙2NH3) followed by heating, the 
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authors tried a similar reaction with diphosphine diborane, B2H6∙2PH3. Rather than forming 

a compound analogous to borazine they reported a non-volatile residue that formed along 

with the release of H2. This suggested that some form of DHC had taken place, most likely 

producing a polymeric species, however they were unable to characterise the solid 

obtained. It was not until 1953 that the products of a DHC reaction of a phosphine-borane 

was characterised, where dimethylphosphine-borane was cyclised.6 Burg and Wagner 

reported two different cyclic products 2 and 3 (Fig. 1.2), as well as a material that they 

attributed as polymeric, but again this solid could not be characterised effectively. 

 

 

Figure 1.2 - Structure of the compounds synthesised by Burg and Wagner 

Since the early examples of DHC required vigorous heating to produce these products, a 

catalytic method was sought to synthesise these compounds using less harsh conditions. 

The first published example of metal catalysed DHC reaction was in 1973 by Kogure and 

co-workers.7 In this publication they used Wilkinson’s catalyst (4, Fig. 1.3) with a variety of 

silanes and observed the formation of several compounds with Si-Si bonds. The 

temperatures used for this coupling were relatively mild (70-80 °C) but ideally a catalytic 

reaction for use in an industrial process would be at lower temperatures, i.e. room 

temperature (RT). In addition, although there was little selectivity for the products obtained 

it did pave the way for future catalysts by demonstrating it was possible to release H2 to 

create bonds between main group elements. 

 

 

Figure 1.3 - Structure of Wilkinson's catalyst 

After this discovery there was a surge in DHC research, but it was not until 1999 that an 

amine- or phosphine borane was catalytically dehydrocoupled.8 This work by the Manners 

group used rhodium(I) catalysts 5 or 6 (Fig. 1.4) to successfully dehydrocouple both 

phenyl and diphenylphosphine-borane, resulting in the first fully characterised phosphine-

borane polymer. Interestingly, the reaction with diphenylphosphine-borane (7) only yielded 

a dimeric species (8, Scheme 1.2), it had previously been shown that formation of a cyclic 

trimer (9) was possible via thermal DHC.9 It was noted in a subsequent publication that 
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the temperature of the reaction played a vital role in the selectivity of the reaction.10 It was 

observed that over a similar period of time (14 – 15 hours) at 90 °C only 8 was formed, yet 

at 120 °C there was a mixture of cyclised trimeric (9, Scheme 1.2) and tetrameric (10) 

products in a 2:1 ratio (9:10). A wider variety of potential catalysts were also screened in 

the second study, showing there was potential scope for other metals to catalyse the 

reaction, such as palladium and titanium, however the yields for these reactions were 

much lower (60% and 15% respectively). When phenylphosphine-borane (11) was tested 

in the seminal study, a polymeric material with a P-B backbone was produced (12, 

Scheme 1.3) which was characterised using techniques that had been unavailable during 

the 1950’s such as gel permeation chromatography (GPC) and static light scattering. 

These polymers were then further characterised in 2000 using dynamic light scattering 

(DLS). The molecular weight of the polymers when the reaction was performed in solution 

(toluene, 110 °C) were relatively low (Mw = 5600 gmol-1) but in the absence of solvent and 

at a slightly elevated temperature (130°C) high molecular weights were achieved (Mw = 

31,000 and 33,000 gmol-1). 

 

 

Figure 1.4 - Catalysts used by Manners to dehydrocouple phosphine boranes 

 

Scheme 1.2 - Conditions trialled by Manners and co-workers and the products obtained with these 

conditions. The reactions were performed without solvent 
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Scheme 1.3 - Conditions trialled by Manners and co-workers for the polymerisation of 11 and the 

molecular weights obtained 

Shortly after DHC had been shown for phosphine-boranes, Manners showed that it was 

possible to do the same for ABs.11 The authors gave a very brief overview showing that it 

was possible to form borazine-like structures as well as smaller cyclised products 

(Scheme 1.4) using a catalyst that had shown activity for phosphine-borane DHC (5) as 

well as RhCl3·3H2O (13). The conditions for this reaction were much less forcing as the 

reaction could be carried out at 45 °C over 24 hours with a catalyst loading as low as 0.5 

mol%, which was slightly higher than the loading used for phosphine-borane DHC (0.3 

mol%). This work was then later expanded upon with an optimisation for the reaction and 

a wider substrate scope in 2003 as well as including an insight into the mechanism.12 The 

mechanistic study showed that the reaction was most likely carried out via heterogeneous 

catalysis as addition of mercury to the reaction ceased reactivity as well as detection of 

small rhodium clusters by transmission electron microscopy (TEM).  

 

 

Scheme 1.4 – A selection of reactions performed by Manners and co-workers in their seminal 

paper on DHC of ABs 

More recently focus has shifted away from precious metal catalysts to more sustainable 

and earth-abundant first row transition metal (TM) catalysts. For a review on the advances 

of DHC by TM catalysts see the review published by Beweries and co-workers.13 For a 

summary of iron catalysed DHC see Chapter 1.1.3. 
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 Mechanisms for dehydrocoupling 1.1.2.

There have been several proposed mechanisms for DHC which have been summarised in 

a review by Waterman.14 One of the most common mechanisms for DHC is via σ-bond 

metathesis (σ-BM). This has been proposed as the mechanism for DHC of ABs for a 

titanocene complex by the Manners group and is shown in Scheme 1.5.15 Manners 

suggests that the first step of the cycle is oxidative addition of the AB 14 to form an 

intermediate containing both a hydrido and amino ligand (18). In the review, Waterman 

suggests that a dihydrido intermediate forms after elimination of the linear intermediate 

(19) via a σ-BM step which was not suggested by Manners. This seems like a plausible 

pathway as Bercaw had previously shown that at RT the bulkier Cp*2TiH2 (Cp* = 

1,2,3,4,5-pentamethylcyclopentadienyl) released hydrogen over time. The release of H2 

would be via reductive elimination to obtain the Ti(II) titanocene complex. The formation of 

the cyclic product (15) would be achieved by a similar pathway to the formation of the 

intermediate with Manners suggesting that there is the potential for the dimer to 

coordinate (20) before cleavage of the N-H bond occurs. 

 

 

Scheme 1.5 - Catalytic cycle for Cp2Ti(PMe3)2 proposed by the Manners group and Waterman 

The Hill group have also published a similar mechanism to the above for scandium and 

yttrium amide complexes (Scheme 1.6).16 Activation of these catalysts is achieved by σ-

BM to form an amido-borane complex (21). The authors propose that rather than an 

additional substrate molecule coming in and undergoing σ-BM, the reaction undergoes β-

hydride elimination to form Me2N=BH2 (22) and a metal hydride (23). 22 is then proposed 

to react with another equivalent of 21, potentially via a [2+2] cycloaddition, forming a dimer 

on the metal (24) which can then undergo δ-hydride elimination to form the desired 

product 15 or β-hydride elimination to form the undesired bis(dimethylamino)-borane, 25.  
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Scheme 1.6 - Proposed mechanistic cycle from the Hill group. M = Sc or Y 

Another relatively common method for AB dehydrocoupling is a ligand assisted concerted 

dehydrogenation, which was proposed by Fagnou and co-workers (Scheme 1.7).17 This is 

possible as ABs contain both hydridic and protic hydrogens due to the different polarities 

of both nitrogen and boron, this is also true for phosphine boranes. Computational 

modelling was carried out for this process and the first step was proposed to be an outer-

sphere coordination to the complex followed by a simultaneous dehydrogenation of both 

the N-H and B-H bonds to form 26. 26 can then cyclise in an ‘off-metal’ process, in this 

case to form an analogue of borazine, compound 17 (Scheme 1.4). The complex can 

then go on to dispel H2 resulting in regeneration of the starting complex. 

 

 

Scheme 1.7 - Proposed catalytic cycle by Fagnou and co-workers 
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As well as DHC by homogeneous catalysis, amine- and phosphine-boranes have been 

shown to be dehydrocoupled by nanoparticles.18,19 The Manners group have performed a 

series of in depth studies on a series of iron catalysts which will be discussed in the 

following section.19 They propose that the mechanism of DHC releases 22 after reacting 

on the surface (Scheme 1.8) which can then go on to cyclise off-metal, similar to what 

was proposed to happen in the catalytic cycle by Fagnou and co-workers. 

 

 

Scheme 1.8 - Proposed mechanism for heterogeneous catalysis by the Manners group 

 Examples using iron catalysts 1.1.3.

As has been seen in Chapter 1.1.1, a large number of DHC catalysts found in literature 

use precious metals.10,11 Precious metals, in comparison to iron, are scarce and 

significantly more expensive, meaning eventually new methods for catalysis using more 

abundant metals will need to be developed. This is why iron catalysis is becoming a large 

area of research, iron is cheap (iron, $93.95 per ton; rhodium, $96.45 per gram)20 and one 

of the most abundant metals on the planet. Iron does have some drawbacks though; one 

reason why iron chemistry is under explored is due to a large number of the complexes 

that are synthesised being paramagnetic. This leads to nuclear magnetic resonance 

(NMR) spectra of these compounds being difficult to assign as the signals are shifted 

outside of the diamagnetic region, as well as broadening of signals for substrates/products 

in catalytic reactions involving high loadings of catalyst. This makes understanding the 

mechanism of these catalysts challenging, which is a vital component in being able to 

develop more new catalysts with greater activity and selectivity. Another downside to iron 

catalysts is that they tend to be less active than noble metal catalysts used in the same 

transformation. This means that turnover numbers (TON) and turnover frequency (TOF) 

tend to be lower, leading to a greater catalyst loading being required. For a review of iron 

catalysed DHC reactions see the following publication.21  

 

The first example of an iron catalyst to be used for the DHC of an amine or phosphine-

borane was reported in 2007 by Baker and co-workers.22 In the supporting information 

they detail the reaction of an iron hydride complex (27, Scheme 1.9) with ammonia-
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borane (28), which is one of the more difficult substrates to DHC. The reaction showed 

promise as DHC took place at RT, but in 24 hours the reaction led to a complex mixture of 

borazine (1), cyclotriborazane (29) along with starting material, as well as other 

unassigned compounds. However, although no mechanistic study was reported the 

authors mention the formation of a black precipitate. This could suggest the catalyst is 

heterogeneous, on the other hand, the catalyst does become deactivated which could 

suggest the precipitate is a by-product of deactivation as addition of more substrate to the 

isolated precipitate does not result in a reaction, meaning the latter is the most likely 

explanation. 

 

 

Scheme 1.9 - Left, conditions used to DHC ammonia-borane using 27. Right, structure of 27 

Yan et al. have shown that iron nanoparticles give remarkably quick dehydrogenation of 

ammonia-borane.18 Interestingly, it was shown that if the nanoparticles were pre-

synthesised, by reduction of FeSO4 with NaBH4 followed by the addition of substrate, the 

reaction was 20 times slower than if the nanoparticles were generated in situ, by adding 

all reagents simultaneously and shaking vigorously. Unfortunately, there is no mention of 

what the products of DHC were for this system as this study was only interested in the 

release of H2. Sonnenberg and Morris have also detailed evidence for DHC of ammonia-

borane by iron nanoparticles formed from an iron pre-catalyst.23 Due to the structure of 

their pre-catalyst (Fig. 1.5) they were able to synthesise the complex in situ to test if the 

nanoparticles formed were a by-product or if they actually carried out the reaction. It was 

found that the bulkiness of the ligand and Fe precursor used had little effect on initial 

rates, suggesting that nanoparticles were responsible for the reactivity observed. The 

reaction was halted upon addition of CO, again suggesting nanoparticles are responsible. 

It is worth noting that during this study iPrOH was used as a solvent, resulting in a much 

higher yield of dihydrogen than when THF was used. This is evidence for the reaction of 

the iPrOH with the BH3 forming B-O bonds. This publication also briefly investigates the 

DHC of dimethylamine borane (14), however, the pre-catalyst used shows poor 

conversion due to the active species decomposing.  
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Figure 1.5 - Structure of the pre-catalysts and ligands used for in situ studies by Sonnenberg and 

Morris 

In 2011 Luo et al. designed a H2 storage system that was catalysed by the addition of 

simple, cheap metal salts, where FeCl2 was studied extensively (Scheme 1.10).24 This is 

the first example of simple iron salts being used to catalyse this kind of reaction without 

the use of a ligand. This system gives promise for DHC as a means to produce hydrogen 

from a liquid fuel source as the reaction can be carried out in neat substrate (30) forming a 

liquid product at the reaction temperature used (31), which means that issues from phase 

changes were avoided. This particular system is also relatively simple to set up because 

there is no need to synthesise a complex in order for the reaction to take place. The study 

showed that there was little degradation of the active catalyst as more substrate was 

added and the reaction still proceeded. Another benefit is that a low loading of iron (5 

mol%) was used. The downside to this particular study is that the reaction requires 

heating to 80 °C which is relatively high for an AB DHC. Ideally this reaction would need to 

occur at RT. The reaction is believed to be heterogeneous in nature as they reported the 

formation of a black precipitate during the course of the reaction. 

 

 

Scheme 1.10 - The liquid H2 storage system developed by Luo et al. 

In 2008 the Manners group published work on DHC of diphenylphosphine-borane shortly 

after Yan et al. using a ‘piano-stool’ complex (32, Scheme 1.11).25 This particular reaction 

required relatively harsh conditions (120 °C) and the product obtained was a dimer rather 

than a cyclic trimer which is obtained when the compound is fully dehydrocoupled, 

however, the reaction did reach 65% conversion within 15 hours.  
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Scheme 1.11 - Left, optimised conditions for the DHC of 7 by Manners and co-workers. Right, 

structure of 32 

After this initial discovery Manners and co-workers then used photocatalysis to perform 

DHC, this time with ABs, as previous attempts to dehydrocouple phosphine-boranes 

photochemically had been unsuccessful.25,26 This method for DHC is very inexpensive as 

the pre-catalyst (33, Scheme 1.12) employed is commercially available and leads to high 

conversions with moderate to high selectivity of products, dependent on the substrate 

used. One reaction of note is the reaction with ammonia-borane, which had a near 

quantitative conversion at 20 °C after three hours and it also showed a moderate 

selectivity for a cyclolinear trimer (B-(cyclotriborazanyl)amine-borane, (37, Scheme 1.13) 

with the other product formed being borazine. The mechanism for this reaction was 

proposed to be ‘off-metal’, Manners observed the formation of R2N=BH2 during the 

reactions which could then form cyclic/polymeric materials. This off-metal mechanism had 

previously been proposed by Baker for a nickel-carbene system.27 The mechanism was 

studied further in 2014 where a series of ‘piano-stool’ photocatalysts were used to DHC 

dimethylamine borane.19 It was found that the structure of the catalyst had an influence 

over the mechanism of product formation. For the case of the commercially available pre-

catalyst (33), the pre-catalyst was found to form iron nanoparticles that catalysed the 

reaction whereas when a complex bearing an iodide ligand (38, Fig. 1.6) was used the 

mechanism was deemed to be homogeneous. The evidence for 38 being homogeneous 

was because DLS and TEM showed no observable particles in solution as well as 

continuous photolysis being required. They propose that the mechanism is similar to the 

one shown in Scheme 1.5. 
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Scheme 1.12 - Left, a selection of the substrates trialled. The conversions are given in parenthesis. 

Right, structure of the commercially available pre-catalyst, 33 

 

Scheme 1.13 - DHC of ammonia-borane using photocatalyst 33 by the Manners group. The 

conversions are given in parenthesis 

 

Figure 1.6 – Piano-stool complex bearing an iodide ligand used by Manners and co-workers 

More recently the photocatalysts that displayed homogeneous reactivity have been 

adapted for the synthesis of high molecular weight polyphosphine-boranes.28 It was found 

that changing from diphenylphosphine-borane ligand to a phenylphosphine-borane (39, 

Fig. 1.7) or triflate (OTf, 40) group allowed both phenyl and tert-butylphosphine-borane to 

be polymerised when heated to 100 °C. This system also allowed for the control of the 

molecular-weight of the polymers by varying the catalyst loading. As would be expected, 

at higher catalyst loading lower Mn and Mw were observed (0.1 mol% 40: Mn = 80,000 

gmol-1, 1 mol% 40: Mn = 59,000 gmol-1, 5 mol% 40: Mn = 45,000 gmol-1) due to more 

propagating chains being formed.  
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Figure 1.7 - Structure of the pre-catalysts used for the polymerisation of phosphine-boranes 

Following on from their pioneering work on ammonia-borane DHC, Baker and co-workers 

developed a series of iron amido (41-44, Fig. 1.8) complexes that showed activity towards 

DHC of ammonia-borane.29 The authors synthesised a series of iron(II) complexes, 

starting with all monodentate ligands and working up to mixed amido-phosphine chelating 

ligands. The pre-catalysts worked at RT but for full conversion to occur the reactions were 

heated to 60 °C. It was noted that ligand dissociation could occur for the catalysts, which 

for 41/42 led to deactivation of the catalysts. For catalyst 44 a black precipitate was 

observed but when more substrate was added it led to the formation of the product, 

meaning that the catalytic species was still active to some extent. In this paper they 

believe that the mechanism for DHC is homogeneous. This seems plausible because for 

41 additional PCy3 is required to achieve full conversion: 41 would cease to react if the 

mechanism was heterogeneous since PCy3 would block the active sites on the surface of 

the particles. This series of complexes, with the exception of catalyst 43, display little 

selectivity for the polymeric product formed, with a mixture of polyaminoborane (45, Fig. 

1.9) and polyborazylene (46) being present. Production of polyborazylene is most 

desirable as this means that the substrate has been dehydrocoupled multiple times, 

releasing more equivalents of H2 per substrate.  

 

 

Figure 1.8 - Catalysts used by Baker the baker group in their publication in 2012 

 

Figure 1.9 - Structure of polyaminoborane (45). Example structure of polyborazylene (46) 

Bhattacharya et al. have also demonstrated that iron POCOP pincer complexes (Fig. 

1.10) show activity for ammonia-borane DHC.30 This study demonstrated how changes in 

sterics of the ligands as well as the electronic properties can change the reactivity of a 
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catalyst. The authors found that increasing the steric bulk from trimethylphosphine (47) to 

dimethylphenylphosphine (48) gave an increase in the rate. The POCOP pincer was then 

altered by adding a donating methoxy substituent at the para position (49) to increase the 

electron density at the iron centre, further increasing the reactivity. The reaction was also 

performed at 60 °C, which is higher than the temperature reported by the Manners group. 

However, the catalyst did not require any external activation such as photo-irradiation. 

The catalyst was also able to perform successive turnovers with little sign of deactivation; 

which Baker’s original catalyst could not achieve.  

 

 

Figure 1.10 - Structure of the catalysts used by Bhattacharya et al. 

In addition to the work discussed so far, Grützmacher and co-workers used an Fe(I) 

amido olefin catalyst (50, Fig. 1.11) for DHC.31 They stated that it was possible to 

dehydrocouple dimethylamine borane, a typical model substrate, as well as silanes with 

alcohols. During the DHC of dimethylamine-borane the authors observe the formation of a 

linear dimeric intermediate (22, Scheme 1.5), which is postulated by both Grützmacher 

and Manners to be indicative of a homogeneous mechanism.19 Grützmacher then 

synthesised an Fe(0) complex using a similar ligand to their previous work (51).31 In this 

study they expanded the substrate scope, using methylamine-borane and ammonia-

borane to demonstrate that the new catalyst was able to catalyse the formation of 

polymeric materials. They also demonstrated that it reacts with dimethylamine-borane, 

which would be expected. Even though this new catalyst showed activity for DHC of 

ammonia-borane, the downside is that the ligand is very expensive (Sigma-Aldrich, 5H-

Dibenzo[a,d]cyclohepten-5-ylamine, 250 mg = £88.70). 

 

 

Figure 1.11 - Structure of the Fe(I) amido complex (left) and Fe(0) imino complex (right) used by 

Grützmacher and co-workers 
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Schneider and co-workers have shown a pre-catalyst that contains a PNP ligand to be 

very effective for DHC (52, Scheme 1.14).32 Iron PNP catalysts have previously been 

used in the dehydrogenation of methanol and water to produce CO2 and H2 by the Beller 

group in 2013 and the catalyst used for ammonia-borane was previously used for 

acceptorless dehydrogenation/hydrogenation of alcohols and ketones and 

dehydrogenation of formic acid (Scheme 1.14).33–35 Schneider and co-workers were able 

to obtain complete conversion of ammonia-borane with catalyst loadings as low as 0.5 

mol% at RT, which is the lowest catalyst loading to date. However, the reaction is not 

selective, resulting in a large number of products, including 1, 29, 37 and 46. The 

mechanism they propose is analogous to the mechanism presented by Fagnou and co-

workers (Scheme 1.7) as well as the dehydrogenation of alcohols, with the ligand 

assisting with the dehydrogenation. 

 

  

Scheme 1.14 - Catalytic cycle for the dehydrogenation of alcohols with catalyst 52 proposed by 

Schneider 

Lunsford et al have synthesised a number of diiron complexes with varying bridgehead 

substituents and used them as photocatalysts to DHC dimethylamine-borane (Fig. 1.12).36 

In this work they propose that the reaction is homogeneous but do not state whether they 

had performed any tests to prove this. There is a possibility that this reaction is actually 

catalysed heterogeneously as Manners had previously shown nanoparticles can be 

generated via irradiation of a carbonyl pre-catalyst.   
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Figure 1.12 - The range of di-iron complexes used in the study by Lunsford et al.  

Since the publication of the work featured in Chapter 2,37 Manners and co-workers have 

published a further example of FeCp based complexes for DHC.38 In this publication they 

develop a series of complexes utilising the bulky 1,2,4-tri(tert-butyl)cyclopentadienyl (Cp’) 

ligand (53/54 Fig. 1.13). From this study they found that the most effective catalyst was 

53, the high activity was postulated to be due to the lability of the acetonitrile ligands, 

allowing for effective binding of the substrate. The catalysts are believed to operate 

homogeneously as addition of a sub-stoichiometric quantity of PMe3 did not halt the 

reaction. It also appeared that variations of the ligand led to different reaction pathways. 

For 53, the reaction proceeded predominantly via the linear dimer, 19, whereas when an 

iodide was coordinated to the pre-catalyst, such as in 54, the reaction showed 22 as the 

intermediate. 

 

 

Figure 1.13 - Bulky Cp' iron catalysts developed by Manners and co-workers.  

It is clear that a range of iron pre-catalysts can be used to DHC both amine and 

phosphine-boranes. There are several mechanistic pathways observed for these catalysts 

with many bearing similarities to pathways proposed for other TM catalysts. It is also 

noted that when determining the mechanism for the catalyst that both homogeneous and 

heterogeneous catalysis should be taken into account.  
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 Transfer hydrogenation 1.2.

 Classic examples of transfer hydrogenation 1.2.1.

Transfer hydrogenation (TH) is a method where, traditionally, a cheap chemical such as 

iPrOH is used as a source of both protons and hydrides and these can be transferred to 

the desired molecule using a catalyst (Scheme 1.15). The advantage of this method over 

hydrogenation with gaseous H2 is that specialist equipment is not required to handle the 

reagents and the method is also a lot safer due to avoiding the use of flammable H2. 

However, one disadvantage of this method is that it could be considered wasteful as in the 

case of iPrOH, acetone is produced during the reaction which needs to be disposed of. 

Advantageously, acetone is readily removed meaning that contamination of products is 

not usually an issue. An in depth review of TH has been published by Wang and Astruc.39 

 

 

Scheme 1.15 - Basic reaction scheme for the TH of a substrate bearing a carbonyl 

The first example of TH was reported in 1903.40 Knoevenagel and Bergdolt were able to 

transfer hydrogen from three equivalents of dimethyl 1,4-dihydroterephthalate (55) 

resulting in two equivalents of dimethyl terephthalate (56) and one equivalent of cis-

hexahydroterephthalate (57), using palladium black as the catalyst to facilitate the 

transformation (Scheme 1.16). 20 years later, the Meerwein-Ponndorf-Verley (MPV) 

reduction was developed which utilised an aluminium alkoxide species to transfer 

hydrogen between alcohols and aldehydes or ketones (Scheme 1.17).41–43 The MPV 

reduction was considered an extremely effective method because selective hydrogenation 

of carbonyl functionalities could be achieved without reduction of alkenes/ynes.  

 

 

Scheme 1.16 - First reported TH reaction 

 

Scheme 1.17 - General reaction scheme for an MPV reduction 

The effectiveness of TH is highlighted in the fact that the 2001 Nobel prize for chemistry 

was awarded to Noyori for his development of enantioselective catalysts.44 One key 

example from the work by Noyori is the use of a Ru(II) pre-catalyst bearing chiral diamines 

(58, Scheme 1.18) to perform enantioselective hydrogenation of ketones with extremely 
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high selectivity.45–47 The reason for the high enantioselectivity is due to the bulk of the 

incoming substrate. The hydride and proton from the catalyst add to the same face of the 

substrate and so the incoming substrate orients itself in a way to reduce steric clashes 

with the ligands on the ruthenium. The transfer of proton and hydride is performed in a 

concerted manor, giving enantio-enriched products. These pre-catalysts can also use 

formic acid as the hydrogen source in conjunction with trimethylamine. The side product 

from insertion of H2 is CO2 which is easily removed from the reaction. Wills et al have 

improved the enantiopurity of the products formed by these complexes by tethering the 

chiral amine to the aryl moiety (59, Fig. 1.14), this helps prevent ligand dissociation during 

catalytic runs.48 

 

 

Scheme 1.18 - Mechanism for one of Noyori's TH pre-catalysts 

 

Figure 1.14 - Tethered catalyst developed by Wills et al. 

 Iron for transfer hydrogenation 1.2.2.

As has been mentioned previously, the use of iron in catalysis is desirable as it is much 

cheaper than commonly used metals, such as ruthenium. Iron has shown activity for TH of 

ketones since the 1980’s, where the iron cluster Fe3(CO)12 was used alongside a phase 

transfer catalyst to perform TH.49,50 Cyclohexanone could be hydrogenated with yields of 

up to 78%, this was dependent on the hydrogen source used. Since this initial work, pre-
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catalysts have been developed with a number of ligands, with asymmetric hydrogenation 

of ketones and imines achieved.51–53 There are several reviews available on this area.54–56 

 

The first mononuclear catalyst was reported by Bianchini et al.57 The authors were able to 

hydrogenate a series of α,β-unsaturated ketones using a well-defined iron catalyst (60, 

Scheme 1.19). This catalyst showed activity with both ketones and alkenes, with the 

substrate used dictating whether the ketone or alkene was reduced (Scheme 1.19). There 

appears to be no obvious correlation in the results obtained. For the cinnamyl substrates 

sterics could be the cause for the switch in the regioselectivity as the phenyl group is 

bulkier than the methyl, preventing binding of the carbonyl.  

 

 

Scheme 1.19 - Selection of reactions performed by Bianchini et al highlighting the variety of 

products that formed. Values in brackets are the yield (%) 

The first attempts to perform asymmetric TH were in 2004 by Gao and co-workers.58 

Using a derivative of the iron carbonyl precursor that had previously shown activity 

([Et3NH][HFe3CO11], 61) in the presence of a chiral diaminediphosphine (62/63, Fig. 1.15) 

and an activator (KOH), it was possible to achieve an enantiomeric excess (ee) of up to 

93% (Scheme 1.20). The ee increased as the steric bulk around the carbonyl increased, 

with acetophenone giving the lowest ee (56%) and 2,2-dimethylpropiophenone having an 

ee of 93%. The trade-off for the high ee was a low yield with 2,2-dimethylpropiophenone 

providing only 19% of the alcohol, conversely the yield for acetophenone was 92%. The 
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authors trialled several carbonyl precursors in this study and Fe3CO12, which was used in 

the study by Jothimony et al,49 did show activity for the TH of propiophenone in the 

presence of a ligand 62 and gave moderate ee values (83%) but a poor yield (16%). 

 

 

Figure 1.15 - Chiral ligands used by Gao and co-workers. 

 

Scheme 1.20 - General reaction procedure for asymmetric TH using 61 and 63 

Following on from the work by Gao et al, the groups of Beller and Morris have both utilised 

similar ligand scaffolds for the hydrogenation of ketones and imines, however the 

approaches used to carry out these transformations were very different.51,52 Beller and co-

workers used a procedure that was very similar to that used by Gao. Beller and co-

workers utilised the iron carbonyl pre-catalyst (61, 0.33 mol%), used by Gao but rather 

than adding an equimolar amount of ligand relative to the precursor they added three 

equivalents of ligand (64, Scheme 1.21), one for each iron present in the precursor. This 

could generate an effective 1 mol% of active catalyst in situ. Alongside the iron and ligand, 

5 mol% of KOH was used as an activator and the reactions were performed in iPrOH, 

which doubles as the hydrogen source. The other notable difference was that rather than 

the ligand containing two amines, it contained two imines, increasing the conjugation 

between the ligating nitrogen and phosphorus. The conditions used allowed for extremely 

effective hydrogenation of a series of aromatic and heteroaromatic N‐

(diphenylphosphinyl)imines with moderate to good yields (67-95%) and high ee (≥89%). It 

is also noted that a number of substituted aromatics and the heteroaromatics did require 

higher catalyst loadings to achieve these high yields. However, when alkyl imines were 

used there was a significant reduction in both yield (32-65%) and ee (29-39%). The 

authors also note some decomposition of the alkyl imines occurred during the reactions.  
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Scheme 1.21 - Example of the TH of N‐(diphenylphosphinyl)imines by Beller and co-workers 

The approach that Morris and co-workers took was to synthesise the complexes 

independently and place them into catalytic reactions, rather than generating them in 

situ.51,53,59 The ligand used in these studies was modified (64-66, Fig. 1.16), the phenyl 

group between the nitrogen and phosphorus was replaced with a methylene group, 

shortening the linker. The chiral amine used to synthesise ligands 65 and 66 was also 

different as it contained two phenyl groups rather than a cyclohexyl group. Like Beller, 

Morris and co-workers used diiminediphosphines rather than the diaminediphosphine 

used by Gao. The shortening of the linker had a drastic effect on the TOF achieved. When 

using complex 67, the maximum TOF achieved was only 995 h-1,59 using 68 allowed for a 

maximum TOF of 4900 h-1.51 The ee achieved by each complex was also very different, 

67 showed a maximum ee for acetophenone of 39% whereas 68 showed a maximum ee 

of 84%. The ligands could be further developed to form amine(imine)diphosphines (66). 

The other major difference is that the complex of 66 has a chloride coordinated to the pre-

catalyst (69), whereas both 67 and 68 are dicationic, with two counter anions. 69 which 

bears the amine(imine)diphosphine could achieve a maximum TOF of 720,000 h-1.53 This 

work highlights the effect that subtle changes in the ligands coordinated to the metal and 

structure of the ligands have on catalytic activity. Pre-catalyst 69 showed activity for both 

ketone and imine hydrogenation (Scheme 1.22).  

 

 

Figure 1.16 - The chiral ligands investigated by Morris and co-workers and their corresponding 

complexes 
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Scheme 1.22 - Examples of TH of ketones and imines with the Morris group’s most effective 

catalyst 

Pertinent to the work presented in this thesis (Chapter 3), there are very few examples of 

TH of alkenes/ynes using iron catalysts. The first example of an iron catalyst for the TH of 

an alkene was in 1971, where Nishiguchi et al used a simple iron pre-catalyst (70) to 

transfer hydrogen from hydroquinone to cyclooctadiene (Scheme 1.23).60,61 The reaction 

required extremely harsh conditions (240 °C) and a vast excess of the hydroquinone (4 

equivalents). A further problem this reaction presents is that mono hydrogenation can 

occur, yielding cyclooctene.  

 

 

Scheme 1.23 - TH performed by Nishiguchi et al 

As previously highlighted, Bianchini et al demonstrated one example of the TH of an α,β-

unsaturated ketone that contained a terminal alkene. In 2012 Beller and co-workers 

developed a system for the single hydrogenation of a number of acetylenes (Scheme 

1.24).62 This particular system does not use a pre-synthesised catalyst to perform the 

reaction: the iron precursor and ligand are added to the other reagents and the active 

catalyst is generated in situ. The hydrogen source for this reaction is formic acid and in 

comparison to the work by Nishiguchi the conditions employed are much more favourable 

(40 °C, 2 equivalents of formic acid). The ligand employed in this reaction is the same 

ligand that had shown activity for the reduction of α,β-unsaturated ketones by Bianchini et 

al. 
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Scheme 1.24 - Example of a single hydrogenation of an acetylene by Beller and co-workers 

 Transfer hydrogenation using amines/boranes 1.2.3.

Traditional methods of transfer hydrogenation, as shown above, tend to use an alcohol or 

formic acid as the hydrogen source. While these sources are cheap and readily available 

they do not allow for easy access to deuterated products. For iPrOH, the proton of the 

alcohol can be easily substituted for deuterium however it is extremely difficult to 

deuterate the carbon in the 2-position. Amines and boranes are an alternative to these 

traditional hydrogen sources as BD3∙THF is a commercially available starting material and 

amines, in general, are easy to deuterate. The proton of some amines are fairly labile and 

so the reagents only require mixing with D2O. If the catalyst does not release dihydrogen 

and the reaction is performed on metal, in theory, this should allow for regioselective 

deuteration. The protic hydrogen should selectively protonate the more negative position 

of the substrate and the boron provide a hydride to the more positive position (Scheme 

1.25). If the reaction released dihydrogen, or HD in the case of one of the components 

being deuterated, then scrambling of the deuterium signal in the products would be 

expected. 

 

 

Scheme 1.25 - Example of deuterium incorporation for a reaction that proceeds on-metal 

The polar nature of ammonia-borane has been exploited in the absence of a catalyst to 

perform the hydrogenation of both imines and activated alkenes (Scheme 1.26/1.27).63,64 

Berke and co-workers showed that it was possible to hydrogenate imines by heating 

ammonia-borane in the presence of substrate. The reaction requires moderate 

temperatures (60 °C) and relatively long reaction times, however, it does not require a 

catalyst. The deuterated analogues of ammonia-borane were synthesised and it was 

possible to selectively deuterate the substrate depending on whether the amine or borane 

was deuterated, an example is given in Scheme 1.26. Following on from this work, Berke 

and co-workers moved on to hydrogenating alkenes. The main drawback of this method is 

that only alkenes containing strong electron withdrawing (EW) groups can be 

hydrogenated. The EW groups must also be on the same side, highly polarising the bond. 

The EW groups used were either cyano or carboxylate groups, the substrates could 
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contain a mixture of the two but reactions were quicker with cyano groups. The reaction 

was relatively rapid with some reactions complete after thirty minutes; the more 

challenging substrates required reactions for several days or heating to ensure high 

yields. Again, selective deuteration could be achieved by labelling either the amine or the 

borane (Scheme 1.27).  

 

 

Scheme 1.26 - Example of a hydrogenation of imines with H3N∙BH3 performed by Berke and co-

workers. Corresponding deuterium labelling reaction also shown 

 

Scheme 1.27 - Example of a hydrogenation of an alkene with H3N∙BH3 performed by Berke and 

co-workers. Corresponding deuterium labelling reaction also shown 

There are also several examples of amines and boranes being used in conjunction with a 

catalyst.65–67 The first report of using an amine and borane to hydrogenate an alkene was 

by Westcott and co-workers. In this study they found it was possible to use 

catecholborane (HBcat) in the presence of Wilkinson’s catalyst (4) to hydrogenate 4-

vinylaniline (Scheme 1.28).65 As the amine of the substrate is being used as the proton 

source, this eliminated any issues of catalyst poisoning due to irreversible binding of the 

product/substrate, as substrates containing amines usually require more forcing 

conditions (Scheme 1.29).68,69 This study did not expand upon the substrate scope to see 

if this reaction could be performed for a variety of amine containing substrates. They also 

did not try to perform the hydrogenation of a substrate such as styrene, to see if transfer 

of hydrogen could be performed intermolecularly.  
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Scheme 1.28 - TH performed by Westcott and co-workers. Conversion given in parenthesis (%) 

 

Scheme 1.29 - Work by Chirik and co-workers that highlights the poor reactivity of substrates 

containing amines. Conversions given in parenthesis (%) 

Ammonia-borane has also been utilised as a reagent for hydrogen transfer alongside a 

catalyst. Fu et al have developed a catalytic system for the single hydrogenation of 

acetylenes, with control of the stereochemistry based on the ligands employed (Scheme 

1.30). Using the bulkiest complex, 73, it was possible to synthesise the Z-isomer in 94% 

yield, alongside a minor quantity of the E-isomer (5%). Switching to the marginally less 

bulky 74, featuring isopropyl groups rather than tert-butyl groups on the phosphines, the 

E-isomer was formed in 92% yield (Z, 8%). When an unsymmetrical ligand was used, 

which contained a pyridine in place of one phosphine and a di-tert-butylphosphine as the 

other ligating group, the E-isomer could be made selectively. The authors propose that the 

Z-isomer is formed first followed by isomerisation. This has been confirmed for 75 by 

isomerising cis-stilbene at RT in the presence of ammonia-borane. Terminal acetylenes 

could also be hydrogenated with very little alkane product observed. Double 

hydrogenation of terminal acetylenes is easier than non-terminal acetylenes due to the 

substrates being less sterically hindered, meaning the reactions progress much more 

easily. This is also evident from the reaction temperatures used, with terminal acetylenes 

hydrogenating at RT and non-terminal acetylenes requiring heating to 50 ºC. It is also 

worth noting that this reaction is performed in MeOH and when MeOD was used 

deuterium was found to be incorporated in the product. This led to the postulation that the 

proton is from the solvent rather than the ammonia.   
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Scheme 1.30 - Single hydrogenation of acetylenes performed by Fu et al 

The final example of amine-boranes being used with a catalyst comes from the Wolf 

group.67 Using a cobaltate catalyst (76) they were able to hydrogenate a number of 

substrates effectively using ammonia-borane as the hydrogen source. In this work THF 

was used as the solvent meaning both the proton and hydride must be coming from the 

ammonia-borane. The catalyst was first investigated for DHC with a number of ABs before 

this reactivity was exploited to hydrogenate a series of alkenes. This system was 

successful at hydrogenating both terminal and internal alkenes, however, in general the 

internal alkenes were produced in lower yields. Substrates that contained chloride (77, 

Fig. 1.17) did not tolerate the conditions well (10%), however, amines were tolerated (78, 

75%). Hydrogenation of cinnamyl esters led to selective reaction of the alkene, with no 

hydrogenation of the carbonyl apparent. 

 

 

Scheme 1.31 - Two examples of hydrogenation by a cobaltate catalyst. Yields are given in 

parenthesis 

 

Figure 1.17 – Substrates containing a chloride (77) and amine (78) used by Wolf and co-workers 
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The work present in the literature shows that amines and boranes can be used as an 

alternative to the more traditional transfer hydrogenation agents such as isopropanol and 

formic acid. The work by Fu et al also highlights that other alcohols could be used 

alongside boranes as an alternative to amines. The work also highlights that selective 

deuteration can be achieved, although this has only been shown to be possible in the 

absence of metal-containing catalysts thus far. 

 

 Fe(nacnac) complexes in catalysis 1.3.

β-Diketiminate (nacnac) complexes are an extremely versatile class of complexes within 

coordination chemistry. One of the main reasons for this is due to their synthetic 

versatility; it is relatively trivial to alter the substituents both in the ligand backbone as well 

as at the nitrogen. This allows the steric bulk and the electronic properties of the ligand to 

be tuned with ease (Fig. 1.18).70,71 Another reason why these ligands are useful within 

catalytic reactions is because the ligands are non-innocent, meaning that the ligand itself 

can be reduced/oxidised. This allows the ligand to participate in reactions in addition to 

the metal centre.72 As the ligands are generally quite bulky this also allows the isolation of 

low co-ordinate, low oxidation state complexes, for example it is possible to isolate both 

Fe(I) and Fe(II) complexes using nacnac ligands.73,74 This ligand can be used not only 

with a vast range of TMs but can be used with group 2, 13 and 14 elements.70,75–77 

 

 

Figure 1.18 - General structure of a nacnac complex, highlighting positions that can be adapted 

  as nitrogen fixation and alkyl group isomerisation, however, there are few examples 

where transformations with these complexes have been performed catalytically.73,78–86 The 

first reported example of an Fe(nacnac) complex being used for a catalytic transformation 

was presented by Gibson and co-workers who used an Fe(nacnac) complex with an 

alkoxide ligand (79, Scheme 1.32) to perform ring-opening polymerisation of rac-lactide.79 

In the subsequent year Liu and co-workers synthesised an iron complex bearing two 

nacnac ligands (80, Scheme 1.33), which showed activity for the polymerisation of 

ethene.80 The study does not mention how this catalyst works but one possible 

mechanism would be dissociation of one of the nitrogen atoms of the nacnac ligand, 

producing a vacant site that can coordinate the ethene. This reactivity could be expected 

as Brookhart and co-workers had previously shown that polymerisation with iron pyridine-

diimine complexes87 was possible along with the knowledge that Gibson had previously 

developed a catalyst capable of polymerisation.  



39 
 

 

 

Scheme 1.32 - Left, polymerisation of lactide with 79. Right, structure of the pre-catalyst used by 

Gibson and co-workers 

 

Scheme 1.33 - Left, scheme for the polymerisation of ethane with 80. Right, structure of 80 

Following this work, the Holland group used pre-catalysts 81 or 82 (Scheme. 1.34) with 

Et3SiH to transfer a hydride to fluoroalkenes or fluoroarenes with high selectivity in most 

cases.81 This work showcases how a change in the backbone of the ligand can alter the 

way a complex reacts as changing a Me substituent for a tBu results in the formation of a 

monomeric complex in the solid state, rather than a dimeric structure. Holland’s group 

then went on to show that it was possible to use an Fe(I) dinitrogen precursor (83, 

Scheme 1.35) to form an imido complex (84) capable of forming isocyanates and 

carbodiimides; both compounds have uses within organic synthesis and polymer 

chemistry.82 In the initial publication the mechanism was unknown but several years later 

Holland and co-workers released a follow-up paper detailing full mechanistic 

investigations.83 In this study they determined that the imido complex did not need to be 

formed initially to catalyse the reaction, the first step in the proposed mechanistic cycle 

(Scheme 1.36) was the formation of an Fe(I) isocyanate (85). 
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Scheme 1.34 - Left, sample dehydrofluorination reaction. Dipp = diisopropylphenyl. Right, structure 

of 81 and 82. 

 

Scheme 1.35 - Left, a general scheme for nitrene transfer. Right, the pre-catalyst used in the initial 

study of nitrene transfer 
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Scheme 1.36 - Proposed mechanism for catalytic nitrene transfer by Holland 

Since this work there have been examples of hydrofunctionalisation reactions using 

Fe(nacnac) complexes with a CH2TMS ligand, one from Hannedouche and co-workers 

and several from the Webster group.84–86,88 Hannedouche and co-workers performed 

intramolecular hydroamination reactions using a catalyst supporting a mesityl substituent 

(86, Scheme 1.37) whereas the Webster group performed intermolecular hydroboration 

using the much bulkier 2,6-diisopropylphenyl (Dipp, 87, Scheme 1.37) and 2,4-dimethyl-6-

(1-phenylethyl)phenyl aryl groups (88) demonstrating that E-H bond cleavage is possible 

(where E is a main group element). Along with varying the catalyst structure, mechanistic 

studies were performed, determining that the reaction likely proceeds via a radical 

mechanism, as addition of a radical trap to the reaction halted further reactivity. 

 

 

Scheme 1.37 - Left, Intramolecular amination by Hannedouche and co-workers. Right, the Webster 

groups work on hydroboration 
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A further example of E-H bond cleavage has also been demonstrated by the Webster 

group with work on the dehydrocoupling (DHC) of phosphines to form homocoupled 

diphosphines (Scheme 1.38).86 Again this work used an Fe(nacnac) complex with a  

CH2TMS ligand (87). Interestingly, this work demonstrated a switch in reactivity based on 

a change in solvent. Swapping from benzene to dichloromethane (DCM) in the presence 

of styrene changed the reactivity to allow intermolecular hydrophosphination rather than 

DHC. As was seen with the hydroboration reaction, addition of a radical trap quenched 

reactivity indicating the mechanism is likely to be of a radical nature. This change of 

reactivity was explained further when investigating the hydrophosphination of acetylenes, 

where a change of solvent also resulted in a change of regioselectivity (Scheme 1.39).88 

In this work, Markovnikov vinylphosphines could be prepared by reacting 

diphenylphosphine with acetylenes in benzene. When the solvent was switched to DCM, 

this resulted in the switch to anti-Markovnikov products. The Markovnikov reaction in this 

case is believed to be mediated by radicals as addition of a radical trap halts the reaction. 

However, the anti-Markovnikov selectivity is believed to be due to a change of oxidation 

state, with the pre-catalyst reacting with the solvent to form 89. In this case it is thought 

that the catalyst is simply acting as a Lewis acid, as when FeCl3 is used as a catalyst the 

anti-Markovnikov product is also formed, albeit in lower yields due to its poor solubility. 

 

 

Scheme 1.38 – Divergent reactivity of diphenylphosphine in the presence of different solvents 

 

Scheme 1.39 - Left, Reaction of acetylenes and diphenylphosphine with 87 in different solvents. 

Right, proposed complex that forms in DCM, 89 
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 Summary and aims 1.4.

From the literature, there are many things to take in to consideration when developing a 

new catalytic procedure. First and most importantly great care must be taken when 

determining the mechanism for a new reaction and all possibilities need to be 

investigated. This includes testing for heterogeneous reactivity by using compounds that 

can poison the surface of nanoparticles, such as phosphines or CO, or adding a radical 

trap to determine if radicals are present. Secondly, screening potential pre-catalysts is 

important as subtle changes in steric bulk can lead to very different reactivity. Subtle 

variations in co-ordinated ligands can also affect the mechanism. Finally solvent choice 

can also play a crucial role in reactivity and selectivity, with a switch in solvent sometimes 

leading to a significant change in regio/chemoselectivity. 

 

Iron has also demonstrated that it is a suitable replacement for the more expensive late 

transition metals. It has shown activity for both DHC and TH with a variety of different 

ligand systems employed. Activation of E-H bonds has been shown to be possible with 

iron nacnac complexes, with a key example being the homo-DHC of phosphines. A 

number of iron amido89 and alkyl species90,91 have also been synthesised by the Holland 

group (Fig. 1.19), proving these species can exist. However, these species have not been 

tested in catalytic reactions. Regardless, this provides insight that these easy to 

synthesise complexes have potential uses in a number of transformations, such as 

hetero-DHC of amine and phosphine boranes. There is also the possibility that if an iron 

hydride can be generated in situ that hydrogenation of substrates could be possible, as 

alkenes are known to react with these species. 

 

 

Figure 1.19 - Selection of amido and alkyl complexes synthesised by Holland and co-workers 
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Chapter 2 - Iron catalysed dehydrocoupling of 

amine and phosphine boranes 
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 Results and discussion 2.1.

 Catalyst optimisation 2.1.1.

As was discussed in the introduction, amine and phosphine-boranes can store a large 

amount of dihydrogen and we wanted to investigate if it was possible to release this using 

iron nacnac catalysts. A series of Fe(nacnac) catalysts (87, 88, 90, Fig. 2.1) as well as an 

Fe(II) catalyst bearing two CH2SiMe3 substituents (91) were screened. The Fe(nacnac) 

complexes were selected due to their known reactivity for the dehydrocoupling of 

phosphines,86 catalyst 91 was chosen as it contains two labile substituents that have the 

potential to bind multiple substrates, potentially allowing for a faster reaction. The initial 

test reaction was carried out in a J-Young NMR tube using 5 mol% of pre-catalyst 87 with 

0.5 mmol of diphenylphosphine-borane (7) in 0.5 mL of C6D6 heated to 90 ºC. 87 was 

chosen for the test reaction as it displayed the best reactivity for the dehydrocoupling of 

phosphines in previous studies.86 The reaction was left for 18 hours before analysis by 

both 11B and 31P NMR spectroscopy to determine which experiment was more applicable. 

It was found that following this reaction by 11B NMR spectroscopy is not ideal for 

determining how far the reaction has progressed as there are some overlapping signals 

for the starting material with one of the products formed during the reaction, making 

determining an accurate conversion difficult. 31P NMR spectroscopy was deemed more 

appropriate for monitoring the reaction progress as the product signals have greater 

separation, again there was some overlap of signals however the overlapping signals are 

both product signals. One downside to 31P NMR spectroscopy is that decoupled spectra 

are not quantitative unless the experiment is inverse gated and long relaxation times are 

required. For this system, the cyclic product (9) is broad and in most cases overlaps with 

the signal at approximately -16 ppm for dimeric diphenylphosphine-borane (8). The 

signals of the products can appear to shift around by ± 1 ppm as an internal reference 

was omitted from the samples. From the 31P NMR spectroscopy there was evidence to 

suggest that DHC had taken place due to peaks that appeared at -2.9 ppm and -16.2 

ppm, comparable to the signals seen for 8 in the literature.10 Free diphenylphosphine (-

37.1 ppm) was also observed in the reaction along with a small trace of 

tetraphenyldiphosphine, (92, -13.9 ppm) formed from dehydrocoupling of free 

diphenylphosphine. 

 

 

Figure 2.1 - Structure of the catalysts trialled for the dehydrocoupling of diphenylphosphine-borane 
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Scheme 2.1 - Conditions trialled during the optimisation of the reaction. Right, 

tetraphenyldiphosphine, 92 

Encouraged by this observation, catalysts 87, 90 and 91 were then used under the same 

conditions to see how altering the substituents or the chelating ligand affected the rate of 

the reaction. The reactions were monitored after 24 hours via 31P NMR spectroscopy. 

After 24 hours the best catalyst, 87, had reached 51% conversion with the other catalysts 

reaching 41-44% conversion (Table 2.1). The slower rates could be attributed to greater 

steric bulk for catalyst 88, this could also be true for catalyst 90 due to competitive 

coordination between tetrahydrofuran (THF) and the substrate. For catalyst 91 there was 

also a large peak observed at 18.8 ppm in the 31P NMR spectrum which matches the 

signal observed for 93 (Fig. 2.2), which forms from the reaction of dissociated 1,2-

bis(diphenylphosphino)ethane (dppe) with free BH3.
92  

 

Table 2.1 - Results for catalyst optimisation for DHC of diphenylphosphine-borane 

Catalyst 
Cat. 

loading 
(mol%) 

Temp. 
(˚C) 

Time 
(days) 

Solvent 
Conversion 

(%) 
9 

(%) 
8 

(%) 

87 5 90 1 C6D6 53 - 52 

88 5 90 1 C6D6 44 - 43 

90 5 90 1 C6D6 41 - 30 

91 5 90 1 C6D6 48 - 36 

87 10 90 3 C6D6 98 36 53 

87 5 110 3 Tol 95 72 22 

87 10 110 3 Tol 100 97 1 

87 5 130 2 Tol 72 34 35 

Reaction conditions: 0.25 mmol HPh2P·BH3, x mol% catalyst, 72 hours. Conversion measured 
by 

31
P NMR spectroscopy. 

 

 

Figure 2.2 - Structure of dppe bis-borane, 93 
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Further optimisation was carried out for 87, this time the catalyst loading and temperature 

were varied, the reactions were also ran for 72 hours to try and maximise the conversions. 

Reactions that were heated above 90 ºC were carried out in toluene rather than benzene 

for safety. Altering the catalyst loading from 5 to 10 mol% led to the formation of a small 

amount (36%) of 9, which had previously not been observed, this was seen by the 

appearance of a broad peak at -17.2 ppm, which overlapped the signal at -16 ppm for 8. 9 

was also observed when the temperature was raised to 110 ºC (72%), this was not 

entirely unexpected as the Manners group had shown they were able to selectively 

synthesise 8 by performing the analogous reaction at 90 ºC, yet raising the temperature to 

120 ºC  led to formation of cyclic products (9 and 10).10 The temperature of the reaction 

was further raised to 130 ºC, but after two days a large amount of black precipitate had 

formed in the reaction and NMR spectroscopic analysis showed no further conversion 

from the previous day, which suggested that the catalyst undergoes thermal 

decomposition at the higher temperature. The final reaction that was carried out used 10 

mol% of catalyst at 110 ºC in the hope that this may lead to the selective synthesis of 9. 

Under these specific conditions complete consumption of the substrate was achieved with 

a 97% selectivity for 9, the remaining 3% was a mixture of compound 8 (1%) and 92 (2%).  

 

With optimal DHC conditions found for phosphine-boranes, the pre-catalyst was then 

trialled with amine-boranes (Scheme 2.2). The optimisation was started at 5 mol% of 

catalyst with dimethylamine-borane (14), which is often used as a model substrate for 

mechanistic studies and is commercially available. When the catalyst was added, 

effervescence was observed immediately, suggesting the reaction was taking place at RT. 

Analysis of the sample via 11B NMR spectroscopy showed the formation of a new species 

15 (5.5 ppm, triplet) along with a dimeric intermediate 19 (2.2 ppm, triplet and -13 ppm, 

quartet). This latter signal overlaps with the starting material (14) at -12.8 ppm. 

Encouraged by this result the catalyst loading was lowered to 1 mol% which allowed the 

reaction to reach a total conversion of 98% in 12 hours. This was a good compromise 

both in terms of being able to weigh out the pre-catalyst (1.4 mg) and reacting over a time 

frame that could allow the reaction to be monitored in situ using 11B NMR spectroscopy.  

 

 

Scheme 2.2 - Left, conditions for optimisation for amine-boranes. Right, intermediate observed in 

the DHC of 14 
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 Substrate scope 2.2.

 Phosphine boranes 2.2.1.

Once optimisation was complete attempts were made to remove the catalyst and isolate 

9, this purification was required as the presence of catalyst led to broadening of the 

signals in the 1H NMR spectrum. Initial attempts to isolate 9 were performed in air 

following procedures similar to the Manners group.10 Recrystallisations from diethyl ether 

were attempted leading to formation of the starting material (7) as well as 8. Layering the 

reaction mixture with pentane was also tested as the pre-catalyst employed is soluble in 

pentane. However, this was also unsuccessful as the catalyst appeared to contaminate 

the solid formed. Manners had also shown that it is possible to remove metal 

contaminants from dehydrocoupled products by using activated charcoal.12 This was 

attempted for 9 both in air and inside the glove box, both leading to formation of the 

starting material and 8. Isolation of 9 is clearly not trivial and thus characterisation data for 

9 was taken from catalytic runs and compared to literature values.  

 

Following on from the optimisation further substrates were tested to see what effect 

replacing aryl with alkyl substituents would have on the reaction (Table 2.2). In previous 

work by the group for dehydrocoupling of phosphines it was observed that a switch from 

diarylphosphines to a dialkylphosphine led to a stark reduction in conversion, even under 

more forcing conditions.86 When dicyclohexylphosphine-borane (94, Scheme 2.3) was 

reacted under the optimised conditions a reduction in the conversion was observed (20%) 

with only 10% of 94 being converted to what was presumed to be the linear dimer (95), 

the remainder was assigned as free dicyclohexylphosphine. 95 could not be isolated due 

to the low conversions, however, 31P NMR spectroscopy showed the appearance of two 

new signals during the reaction; a doublet at 15.1 ppm, attributed to the Lewis basic 

PCy2H, and a singlet at -12.2 ppm, assigned as the phosphorus directly bound to the 

boron (cf. P-B for 8 -16.2 ppm).  

 

 

Scheme 2.3 – Reaction of 87 with dicyclohexylphosphine-borane, 94 
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Table 2.2 - Results for the substrates used in the DHC of phosphine-boranes 

Entry Substrate Product 
Spectroscopic 

yield (%) 
Mn (gmol

-1
) 

PDI 

1 
 

7 

 

 
9 

98 - 

2 
 

94 

 
95 

10 - 

3 
 

11  
12

a 

- 
55,003 
1.85 

4 
 

96  
97 

- 
54,645 
1.26 

Reaction conditions: 0.25 mmol substrate, 10 mol% 87, C6D6, 110 °C, 72 hours. 
a
 5 mol% 87 

 

Phenylphosphine-borane (11) and cyclohexylphosphine-borane (96) were also trialled 

under the optimised conditions (Scheme 2.4). The products for this reaction were 

expected to be polymeric as Manners had previously shown that this was possible for 

both alkyl and aryl mono-substituted phosphines.28 For 11, when the reaction was heated 

there was a rapid darkening of the solution along with the formation of a dark precipitate. 

When the reaction was performed on an NMR scale (0.25 mmol) the product was 

extremely difficult to isolate due to very low solubility in a range of solvents including THF, 

toluene and chloroform. To overcome this, the reaction was scaled up to 1 mmol of 11 

and the reaction was carried out in a Schlenk flask, allowing for much easier isolation of 

the product. After reacting for 3 days the crude mixture was analysed by 31P NMR 

spectroscopy which displayed broad signals between -46.5 ppm and -58.0 ppm. It was 

difficult to distinguish whether this was unreacted starting material or a polymeric material. 

Isolation of the polymers was performed in air firstly by filtering the solution through a 

glass filter to collect any insoluble products. The filtrate was then mixed with activated 

charcoal and filtered to remove as much of the iron as possible from the solution before 

removing the solvent to yield a sticky, off-white solid. GPC analysis was carried out to 

determine if the tacky solid was polymeric. 12 displayed evidence for a polymeric material 

yielding an Mn of 55,003 gmol-1 and polydispersity index (PDI) of 1.85. There was also 

some other oligomeric material present which had an Mn of 650 gmol-1, this may explain 

why multiple peaks were present in the 31P NMR spectrum.  
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Scheme 2.4 - Reaction of phenyl and cyclohexylphosphine-borane 

When 96 was used a similar observation was made after the reaction had been carried 

out for three days with the formation of two broad peaks, this time they were shifted 

upfield of the substrate (-33.8 ppm) to between -36 and -46 ppm, this can also be 

observed in the 11B NMR spectra with peaks seen between -35 and -43 ppm with a small 

peak also appearing at 27.7 ppm. When this sample was analysed by GPC there were 

two peaks observed (Fig. 2.3), one with a retention volume of 18.35 mL (relative area of 

2.24) and another at 22.00 mL (relative area of 28.71). The first peak was attributed to 

polymeric material with an Mn of 54,645 gmol-1 and a PDI of 1.23, along with the second 

larger peak assigned to oligomeric material with an Mn of 579 gmol-1, again suggesting 

that the multiple peaks in the 31P NMR spectrum are due to multiple species being 

present.  

 

 

Figure 2.3 - GPC trace obtained for 97 

 Amine boranes 2.2.2.

After observing a high conversion to a single product for dimethylamine-borane attempts 

were made to isolate 15 to allow a yield to be calculated, however this has also proven 

difficult. The first attempt used charcoal to remove the iron and the solution was left to 

slowly evaporate in the glove box but the product appeared to be relatively volatile leading 

to loss. As removal of the solvent was proving to be problematic, the reaction was carried 

out on a 1 mmol scale under solvent free conditions (Scheme 2.5). This method had 
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limited success as 15 sublimed to the top of the flask during the reaction and was isolated 

in poor yield (10%). However, when a 1H NMR spectrum was obtained of the sublimed 

material traces of linear dimer 19 were present, which had not been observed in the NMR 

scale reaction performed in solution. Therefore, once again, 15 was fully characterised in 

situ, from the crude reaction mixture. 

 

 

Scheme 2.5 - Conditions for reaction performed in the melt 

Encouraged by the rapid and clean reactivity obtained with the initial substrate, several 

other ABs were tested to see if DHC would take place (Table 2.3). The second substrate 

that was trialled was N-benzylmethylamine-borane (98, Scheme 2.6). Again, a high 

conversion was achieved (98%) to the cyclised dimer (99) but for this substrate the 

reaction time could be reduced from 13 h to 5 h. The reaction was monitored by 11B NMR 

spectroscopy where a shift from a quartet at -14.6 ppm for the starting material to a triplet 

at 4.8 ppm indicated the formation of 99 which matched literature values.12 Interestingly, 

this compound is formed as a mixture of isomers (Scheme 2.6), which can be seen in the 

1H and 13C{1H} NMR spectra (Fig. 2.4) by the splitting of the methyl and methylene 

signals, there is also splitting of the ipso, ortho and meta carbons in the 13C{1H} NMR 

spectrum. There is a 3:2 ratio for the signals with the larger portion proposed to be the 

trans isomer due to lower steric interactions for this conformation. The product from this 

reaction is much less volatile than 15, allowing for the isolation of the product as an off-

white solid by filtering the reaction solution through charcoal (in air) and removing the 

solvent, before storing in the glove box.  

 

 

Scheme 2.6 - Left, reaction scheme for 98. Right, distribution of isomers formed. The ratio of each 

isomer is given 
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Figure 2.4 - 
1
H (bottom) and 

13
C{

1
H}

 
NMR spectrum (top) showing the anti/syn isomers of 99. 

Spectra obtained in C6D6. 

Table 2.3 - Results for the substrates used in the DHC of amine-boranes 

Entry Substrate Product 
Spectroscopic 

yield (%) 

1 
 

14 
 

15 

98
a 

2 

 
98 

 
99 

98 

3 
 

34 
 

35 

100 

4 

 
100 

 
101 

100 

Reaction conditions: 0.25 mmol substrate, 1 mol% 87, C6D6, RT, 5 hours. 
a
 Reaction carried out for 13 hours. 

 

The next substrate to be subjected to the catalytic reaction was diisopropylamine-borane 

(34, Scheme 2.7). For this reaction when the catalyst was added to the substrate, 

vigorous bubbling was observed instantaneously indicating the release of a large amount 

of gas. The reaction was left for three hours before being monitored by 11B NMR 

o-Ar 

p-Ar 

m-Ar 

i-Ar 

CH2 CH3 

ArH 

CH3 

BH2 

CH2 
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spectroscopy where there was a substantial shift from the starting material signal at -22.2 

ppm (quartet) to 38.6 ppm (triplet). The triplet that was observed was much further 

downfield than the previous substrates due to the formation of 35, which the Manners 

group has also reported.12 Analogous products can be observed for dimethylamine-

borane and N-benzylmethylamine-borane, but in these cases the sp2 products are present 

in very low yield, < 1 %, with signals observed at 38.2 ppm for both compounds. The other 

major difference is that the signal for these analogous compounds disappears overtime as 

they can cyclise off-metal to form the cyclic products (15 and 99). Compound 35 has a 

pseudo double bond due to the donation of the nitrogen lone pair in to the now vacant p-

orbital of the boron, hence the large shift downfield. It is not surprising that 

diisopropylamine-borane cannot form a cyclic product analogous to 15 or 99 as the 

isopropyl groups are extremely bulky and so a cycle would be sterically unfavourable.  

 

 

Scheme 2.7 - Reaction scheme for diisopropylamine-borane 

The DHC of tetramethylpiperidine-borane (TMP-borane, 100, Scheme 2.8) was also 

tested. As was seen for 34, a large downfield shift (37.5 ppm) for the product triplet was 

observed. This indicates the formation of a monomeric product with a pseudo double bond 

(101), this was expected due to the bulk of the substrate which would inhibit the formation 

of a cyclic product. It is worth noting that due to the steric bulk of 100 the reaction takes 

approximately five hours to reach completion in comparison to 34, which is complete 

within one hour.   

 

 

Scheme 2.8 - Reaction scheme for TMP-borane 

An attempt was also made to dehydrocouple compounds analogous to phenyl and 

cyclohexylphosphine-borane. Aniline-borane (102) was synthesised and when it was 

reacted with the catalyst (Scheme 2.9), a black precipitate formed overnight and the 11B 

NMR spectrum showed a mixture of products including N-N’-N’’-triphenylborazine (103, 

32.3 ppm, broad), dianilino-borane (104, 26.4 ppm, doublet), N-N’-N’’-

triphenylcyclotriborazane (105, -4 ppm, broad) and a major peak attributed to µ-

(aniline)diborane (106, -20.7 ppm, multiplet).93 105 was difficult to observe by 11B NMR 
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spectroscopy as the broad signal is situated in the same region as the boron found in 

borosilicate glass and so an attempt was made to crystallise the compound. The reaction 

mixture was crystallised by slow evaporation of a benzene solution forming iridescent rods 

which were analysed by x-ray diffraction (XRD). XRD analysis confirmed a chair like 

structure for 105 (Fig. 2.5) which is similar to that of cyclohexane, as would be expected 

due to these compounds being isoelectronic. The data obtained also showed that the 

compound could sit in multiple conformations, indicated by the large amount of disorder in 

the molecule. Bond lengths between the N and B atoms were found to be between 

1.6627(16) Å and 1.6684(16) Å, slightly longer than the reported C-C bond lengths for 

cyclohexane.94 The B1-N1-B1**** bond angle was 107.00(10)°, close to the optimal 

tetrahedral bond angle of 109.5°. In comparison the N1-B1-N1* bond angle was found to 

be 100.47(10)°. The crystal also contained an equivalent of benzene in the crystal. It was 

later discovered that this compound has the potential to be synthesised by spontaneous 

catalyst-free DHC in both DCM and THF, as was reported by Manners.93 The reaction 

was then carried out in d-benzene without the catalyst and after two days the 11B NMR 

spectrum showed a similar distribution of products. 

 

 

Scheme 2.9 - Products formed when aniline-borane was dehydrocoupled both without catalyst and 

with 87  

 

Figure 2.5 - Solid state structure of 105. Some protons and solvent molecules have been omitted 

for clarity. Thermal ellipsoids are drawn at the 50% probability level. The following symmetry 

operations were used to generate the starred atoms: * -y,+x-y,+z, ** -y,+x-y,3/2-z, *** +y-x,-x,+z, 

**** +y-x,-x,3/2-z. 
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Other substrates that have been trialled include ammonia-borane (28) and n-butylamine-

borane (107, Fig. 2.6). Both substrates suffered from solubility issues with the solvents 

that the catalyst was effective in. Regardless, the reaction was attempted for both 

substrates using benzene at RT, both resulting in the formation of a black precipitate 

along with insoluble starting material. Small traces of products that could be associated 

with DHC were observed by 11B NMR spectroscopy but accurate conversions were not 

calculated; in this case an external standard would be required or the use of a solvent in 

which the starting materials were more soluble in, such as THF. However, 87 can form a 

stable adduct with THF, therefore limiting its use as a potential solvent. To try and improve 

the solubility of these substrates in compatible solvents a screening of polar aryl solvents 

was carried out. Solvents trialled included fluorobenzene and α,α,α-trifluorotoluene, yet 

the substrates were still only marginally soluble even in these much more polar solvents. 

With no optimal solvent found, the reaction was attempted in fluorobenzene. It was hoped 

that the more polar solvents could dissolve the amine-boranes as the reaction progressed. 

However, this had little effect on the conversion for either of the starting materials. In the 

literature, Baker and co-workers had used a mixed solvent system of benzene and 

diglyme (1:5) for DHC of 28. A trial reaction using this solvent system was carried out as it 

was believed that the more polar diglyme may dissolve the substrate without coordinating 

to the catalyst. The reaction did not proceed at temperatures up to 60 ºC but when the 

reaction was heated to 90 ºC DHC was observed in the 11B NMR spectra. A blank reaction 

was also carried out at this elevated temperature but this also showed products relating to 

DHC, meaning the reaction was unlikely to be catalytic at this temperature.  

 

 

Figure 2.6 - Structure of ammonia-borane (28) and n-butylamine-borane (107) 

 Mechanistic studies 2.3.

 Intermediate isolation 2.3.1.

Attempts to isolate intermediates in the catalytic cycle of diphenylphosphine-borane DHC 

by performing stoichiometric reactions have had relatively little success. The first 

stoichiometric reactions carried out were with phosphine-boranes to try and isolate 

intermediate species. The phosphine-boranes require extensive heating to undergo DHC 

and so it was believed that it may be possible to isolate the active complex at RT if left to 

react over a prolonged period of time. Initially, 7 was reacted with 87 by stirring at RT for 

three days (Scheme 2.10), the solvent was then removed and the resulting solid was 

analysed by 1H, 11B and 31P NMR spectroscopy. Unfortunately, due to the paramagnetic 

nature of the solid, the 1H NMR spectrum provided little information about what had 
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occurred. The only observation that could be made was the disappearance of the signals 

associated with the iron pre-catalyst. 11B and 31P NMR spectroscopy were more diagnostic 

as there was a disappearance of the signal at 1.3 ppm for the starting material in the 31P 

NMR spectrum but the 11B NMR spectrum showed a similar signal to the starting 

phosphine-borane. A tentative suggestion to this is that the phosphorus of the phosphine-

borane is directly bound to the iron centre (108, Scheme 2.10) as it is common for atoms 

directly bound to iron to become NMR silent due to paramagnetism. Attempts have been 

made to crystallise this compound but so far nothing has been isolated that is suitable for 

single crystal XRD.  

 

 

Scheme 2.10 - Left, reaction scheme for the attempted isolation of a phosphine-borane 

intermediate. Right, proposed structure of the intermediate, 108  

Another synthesis of the intermediate was attempted by reacting two equivalents of 7 with 

87 at 100 ºC for 3 hours (Scheme 2.11). This resulted in the formation of a bright red 

solution (87 is yellow in solution) suggesting a new complex had formed. The complex 

showed paramagnetic features when the 1H NMR spectrum was recorded (Fig. 2.7). By 

31P NMR spectroscopy there was complete consumption of 7 suggesting that the 

intermediate formed contains a phosphine borane dimer (109) which would be analogous 

to the intermediate observed for 14, which is discussed later. When the reaction is 

performed with three equivalents of 7 the same complex is observed in the 1H NMR 

spectra (Fig. 2.7). There is also a signal in the 31P NMR spectra for 7, this strongly 

suggests the formation of a dimeric species and also matches the results obtained for 

stoichiometric reactions with dimethylamine-borane. It has been possible to observe some 

of the heteronuclear atoms by changing the spectral window as large shifts are known to 

occur when heteronuclear atoms are bound to paramagnetic metal centres.95 For boron 

the signals were observed at 1084 and 303 ppm suggesting two boron environments likely 

to be consistent with ligated 7. For phosphorus only one signal could be observed and 

was found at -400 ppm which could potentially be the phosphorus atom in the γ position, 

since the directly bound α-phosphorus is anticipated to be NMR silent. Unfortunately, 

attempts to isolate this complex so far have been unsuccessful, however, work from 

Stoian and Grubba suggests that these intermediates are viable under our reaction 

conditions.96  
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Scheme 2.11 - Reaction of 87 with two equivalents of 7 

 

Figure 2.7 - 
1
H NMR spectrum of the reaction of 7 with 87 in C6D6. Bottom, two equivalents of 7. 

Top, three equivalents of 7. Not all peaks for the complex assigned.  

For amine-boranes, isolation of an intermediate is much more challenging as the reaction 

proceeds at RT. However, an intermediate for the reaction of 14 with the pre-catalyst (87) 

has been isolated. The initial procedure was performed at low temperature to try and slow 

the reaction down and prevent the product forming. 87 was dissolved in the minimum 

amount of toluene and reacted with a stoichiometric amount of 14 in toluene, which was 

added dropwise at -78 ºC (Scheme 2.12). The reaction was allowed to warm up to 

approximately -50 ºC before being cooled back to -78 ºC, this was repeated several times 

over the course of 3 hours to make sure that the reaction between the substrate and pre-

catalyst took place. The solvent and any excess amine-borane were removed under 

vacuum and a 1H NMR spectrum of the resulting product was recorded in C6D6. The 1H 

NMR spectrum showed signals at 13.2, 7.0, -24.7, -25.5 and -57.9 ppm (Fig. 2.8) that 

could be attributed to an iron hydride (110) that has been previously isolated by the 

Holland group,97 however, the spectra still contained unassigned signals (12.5, -35.9, -
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38.5, -60.3 and -61.9 ppm). The sample was then crystallised from a pentane solution 

containing a small amount of THF at -20 ºC and a single crystal was selected and 

analysed by XRD. The crystal that was analysed was confirmed as the iron hydride (Fig. 

2.9) with a structure similar to that published by Holland and co-workers.81 Fe-H bonds 

were calculated to be 1.64(2) Å, the corresponding distances in the structure determined 

by Holland et al were between 1.42(9) and 1.59(8) Å,81 which are within error. The Fe-N 

distances for both complexes were also within error (Table 2.4), confirming its identity as 

the hydride. Both structures include a solvent molecule with Holland’s structure containing 

a molecule of diethyl ether and the other containing pentane. It is worth noting that there 

were crystals of two distinctly different colours present during harvesting, suggesting that 

two different complexes were present.  

 

 

Scheme 2.12 - Conditions for the isolation of an iron hydride complex and unknown complex 

 

Figure 2.8 - 
1
H NMR spectrum obtained for the reaction shown in Scheme 2.12. Spectrum 

obtained in C6D6 

Table 2.4 - Selected distances for 110 showing the structures obtained are comparable 

 
Distance (Å) 

 
110 (Coles) 110 (Holland) 

 
Largest Smallest Largest Smallest 

Fe-H 1.64(2) - 1.59(8) 1.42(9) 

Fe-N 1.979(2) 1.963(3) 1.987(4) 1.971(4) 

 

110 

110 
? 

? 

? 
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Figure 2.9 - Solid-state structure of 110. Thermal ellipsoids are drawn at the 50% probability level. 

Protons (except those highlighted) and solvents have been omitted for clarity 

As evidence had been obtained that showed that an iron hydride could be formed at low 

temperature, as shown in Scheme 2.12, 1H NMR experiments were carried out to see if 

this was a resting state in the catalytic cycle. To probe this, the reaction was carried out 

under standard catalytic conditions (0.25 mmol, C6D6, 1 mol% 87) and a 1H NMR 

experiment with a large number of scans (1024) and large sweep width was performed to 

see if any paramagnetic species were present in situ (Fig. 2.10). Interestingly, no signals 

relating to the hydride were seen in the 1H NMR spectra but peaks similar to the 

unassigned compound in Fig. 2.8 were present, indicating that perhaps the iron hydride 

was not the resting state of the catalyst. This led to trialling a reaction of 87 with a 

stoichiometric quantity of 14 at RT and monitoring the reaction by 1H NMR spectroscopy. 

After the first addition of substrate there was still a small amount of the pre-catalyst visible 

in the 1H NMR spectra (middle, Fig. 2.11) so a small quantity of substrate was added to 

the solution which helped to remove some of this from the spectrum (top, Fig. 2.11). The 

major species present was not the hydride, although tiny traces could be observed. The 

intermediate species is assigned as 111. 

 

 

Figure 2.10 - 
1
H NMR spectra of a catalytic run of dimethylamine-borane. Highlighted signals are 

for 111 
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Figure 2.11 - 
1
H NMR experiments to determine the complex formed in a stoichiometric reaction of 

87 and 14. Bottom, 
1
H NMR spectrum of 87. Middle, 

1
H NMR spectrum after addition of 1 eq. of 14. 

Top, 
1
H NMR spectrum after addition an excess of 14, this is the 

1
H NMR spectrum of 111 

To isolate the species formed during the in situ experiments a reaction was carried out in 

pentane containing a small amount of toluene, to help solubilise 14 (Scheme 2.13). 

Pentane was chosen as it was hoped it would limit how quickly the substrate was taken 

into solution as 14 was insoluble in pentane, therefore limiting the speed of DHC too. The 

reaction was stirred for 1 day and then transferred to a crystallisation tube in the freezer   

(-35 ºC), yielding yellow single crystals suitable for XRD. The XRD analysis obtained 

showed an Fe(II) complex bearing a nacnac ligand with a telomeric amine-borane ligand 

bound to the iron centre through the nitrogen (Fig. 2.12). Table 2.5 shows selected bond 

lengths for 111. The BH3 group of the amine-borane ligand has Fe-H distances of 2.09(3) 

Å (Fe1-H2A) and 1.88(3) Å (Fe1-H2B). The length of the Fe-H interaction distances in 111 

are greater than those observed for 110 (1.64(2) Å), indicating that these are stabilising 

interactions rather than Fe-H bonds. These interactions give no apparent lengthening of 

the B2-H bonds for the interacting hydrides (B2-H2A, 1.18(3) Å; B2-H2B, 1.19(3) Å) when 

compared to B1-H bonds (B1-H1D, 1.15(3) Å; B1-H1E 1.22(4) Å), which are not 

interacting with the metal centre. A significant lengthening of the bond would suggest 

there is B-H activation, but this is not the case. The Fe1-N3 distance of 2.099(2) Å is 

longer than the Fe-N1 and Fe-N2 distances 2.028(2) and 2.036(2). These distances are 

longer than the Fe-amido complexes reported by Holland et al.89 The lengthening of the 

bond can be attributed to the higher sigma character of the Fe-N3 bond due to alkyl 

87 

111 
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groups bound to the amine, which are weakly electron donating. All of the amines in the 

publication by Holland were aryl and so highly conjugated. 

 

Scheme 2.13 - Formation of complex 111  

 

 

Figure 2.12 - Solid-state structure of 111. Thermal ellipsoids are drawn at the 50% probability 

level. Protons (except those highlighted) have been omitted for clarity. 

Table 2.5 – Selected bond lengths for 111 

 
Distance (Å) 

 
Distance (Å) 

Fe1-H2A 2.09(3) Fe1-H2B 1.88(3) 

B2-H2A 1.18(3) B2-H2B 1.19(3) 

B1-H1D 1.15(3) B1-H1E 1.22(4) 

Fe1-N1 2.028(2) Fe1-N2 2.036(2) 

Fe1-N3 2.099(2)   
 

This complex can also be synthesised via an alternative route by reacting the pre-catalyst 

with the amine-borane telomer (19, Scheme 2.14) which was synthesised independently. 

11B NMR spectroscopic signals for the complex are found at 683 and 793 ppm. The 1H 

NMR spectrum obtained is identical to that seen in the in situ experiments (Fig. 2.13) but 

when left in solution for a prolonged period the catalyst begins to decompose, with a 

change in integrals seen in the 1H spectrum. The 11B NMR spectrum shows the formation 
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of a new signal at 1353 ppm over this time. There also appears to be formation of the 

DHC product 15, further indication of decomposition. 

 

Scheme 2.14 - Synthesis of 111 from 19 

 

Figure 2.13 – Bottom, 
1
H NMR spectrum for compound 111. Top, 

1
H NMR spectrum of 111 after 

one week in solution 

With the intermediate characterised, further work was put in to determining if analogous 

complexes could be formed from some of the other substrates. It was also believed that if 

the steric bulk of the substrate was large enough then there was a possibility that the 

hydride intermediate could be isolated selectively. This would be an ideal situation as the 

literature procedure for hydride synthesis is extremely difficult.97 The first stoichiometric 

study was carried out with N-benzylmethylamine-borane (98). As the reaction was found 

to be significantly quicker it was believed that this was due to this substrate having a 

greater steric bulk and so the resulting Fe-AB intermediate could be less stable, yielding 

the hydride. It was not possible to isolate anything from this reaction. The next AB to be 

trialled was diisopropylamine-borane (34), this amine-borane was chosen as it was 

believed that the greater steric bulk would yield 110 quantitatively as the Fe-AB 
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intermediate would be less stable. When 87 was reacted with two equivalents of 34 a 

mixture of both 110 and unreacted 87 were observed. This is not entirely unsurprising as 

this substrate has the highest reactivity observed but this suggested that the steric bulk 

was still not great enough. This led to 2,2,5,5-tetramethylpiperidine-borane 100 being 

trialled as the steric bulk was even greater than 34 and also showed much slower 

reactivity. Three equivalents of 100 were reacted with 87 overnight before being isolated. 

The major species present by 1H NMR spectroscopy was 110, with some residual 87. It is 

difficult to quantify the conversion due to the complexes being paramagnetic. The hydride 

could be purified by crystallisation of the complex from pentane (11%), which is yet to be 

optimised. 

 

 Kinetic studies 2.3.2.

To understand how the reaction proceeds a kinetic study was undertaken to determine the 

order of reaction with respect to both the catalyst and substrate concentration. This 

system was fairly simple to study using 11B NMR spectroscopy because it was possible to 

monitor the formation of both the intermediate and the product, the main issue being an 

overlapping signal for both the starting material and the intermediate (Fig. 2.15). Initial 

attempts to determine the reaction order using product formation were unsuccessful due 

to the experiments giving inconsistent results. Substrate consumption was chosen to 

determine the reaction order instead to try and minimise any ambiguity that the 

intermediate (19) may impart on the reaction order. The quality of data obtained is clearly 

not limited by paramagnetism, as demonstrated by a plot showing consumption of 14 and 

growth of both 19 and the cyclic product (15, Fig. 2.14). 

 

 

Figure 2.14 - Kinetic plot for 14 
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Figure 2.15 - 
11

B NMR spectra of the DHC of dimethylamine-borane. Bottom, first spectrum. 

Middle, eighth spectrum with a zoom in of the overlapping quartets. Top, hundredth spectrum 

For the order in substrate the catalyst loading was kept to a constant concentration of 5 

mM (1.4 mg in 500 µL) and the concentration of the substrate was varied from 0.25 - 0.75 

M. The reaction was monitored over 12 hours with an NMR spectrum generated every 6 

minutes. Plots of ln[Me2HN·BH3] vs. time and 1/[Me2HN·BH3] vs. time were plotted (Fig. 

2.16/2.17) to determine the reaction order using the first 15 points (8 points for 0.25 M due 

to the speed of the reaction). These plots appeared to show that the reaction was first 

order in substrate due to the ln[Me2HN·BH3] plot showing a straight line over all substrate 

concentrations, compared to the 1/[Me2HN·BH3] plot deviating from a straight line at lower 

concentrations.  

 

Figure 2.16 - Graph for determining reaction order in substrate. Plot of ln[Me2HNBH3] vs. time. 

Green = 0.25 M, orange = 0.375 M, grey = 0.5 M, yellow = 0.625 M, blue = 0.75 M 
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Figure 2.17 - Graph for determining reaction order in substrate. Plot of 1/[Me2HN·BH3] vs. time. 

Green = 0.25 M, orange = 0.375 M, grey = 0.5 M, yellow = 0.625 M, blue = 0.75 M 

The order in catalyst was calculated using an analogous method to how the reaction order 

of substrate was calculated. The concentration of the substrate was kept at 0.5 M and the 

catalyst loading was varied from 3-10 mM. As was seen for the substrate, the plot of 

ln[catalyst] vs. time showed straight lines over all concentrations (Fig. 2.18) with 

1/[catalyst] vs. time deviating from a straight line over the same timeframe (Fig. 2.19), 

suggesting the reaction is first order in the catalyst.  

 

 

Figure 2.18 - Graph for determining reaction order in catalyst. Plot of ln[Me2HNBH3] vs. time. 

Yellow = 2 mol%, grey = 1.5 mol%, orange = 1 mol%, blue = 0.6 mol% 
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Figure 2.19 - Graph for determining reaction order in catalyst. Plot of 1/[Me2HN·BH3] vs. time. 

Yellow = 2 mol%, grey = 1.5 mol%, orange = 1 mol%, blue = 0.6 mol% 

To give further evidence that the cyclisation of the dimer intermediate 19 was an iron 

centred reaction the telomer was synthesised independently and placed under the 

standard reaction conditions and the rate of product formation was monitored. As can be 

seen in Fig. 2.20 comparable rates were observed, with a marginally quicker rate being 

observed for the reaction with the AB dimer. This marginal increase in rate could be 

attributed to the fact that reaction with the AB dimer is the only possible reaction, whereas 

in the standard reaction either dimeric or monomeric AB can bind to the active catalyst.  

 

 

Figure 2.20 - Graph for the rate of formation of 15 from substrate (14, orange) and telomer (19, 

blue). Plot of concentration vs. time. 

The final kinetic test that was performed was to place the isolated complex (111) in to a 

reaction under the standard conditions. It was found that the rate of substrate 

consumption for 111 was marginally faster than for 87 (Fig. 2.21). One potential 
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explanation is that the initial activation of the pre-catalyst (87) is slower than the 

cyclisation step to remove the amine-borane dimer from (111). This may not be the case 

however, as it would be expected that only the first turnover to form the amine-borane 

dimer on the metal would be the slowest step and after this point the rates would be 

identical as the same active species would be present in solution. This could also mean 

that there is incomplete conversion of the pre-catalyst to the active species.  

 

 

Figure 2.21 - Initial rate of reaction for pre-catalyst (87, orange) and the isolated intermediate (111, 

blue). Plot of ln[Me2HNBH3] vs. time. 

A comparable study was trialled for Ph2HP∙BH3 to try and prove whether the telomeric 

product, 8, observed in the optimisation went on to form the cyclic trimer, 9. The reaction 

could not be carried out in the NMR spectrometer like AB DHC due to a high temperature 

being required for the reaction to occur. Another problem that was apparent was the high 

loading of pre-catalyst in the reaction. As mentioned before, this can lead to broadening of 

the signals which can lead to inaccurate integration and so unreliable results. The reaction 

was monitored over 3 days by both 11B and 31P NMR spectroscopy and the plots obtained 

can be seen in Fig. 2.22/2.23 respectively. Both the 11B and 31P spectroscopic data 

suggest that telomer 8 is formed before being consumed again over time, suggesting that 

the telomer is a true intermediate in the reaction. 
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Figure 2.22 – Kinetic plot for 7 using 
11

B NMR spectroscopy 

 

Figure 2.23 - Kinetic plot for 7 using 
31

P NMR spectroscopy 

 Radical trap 2.3.3.

Another feature of the catalytic reaction that needed to be determined was whether the 

reaction was radical in nature. Previous work on phosphine dehydrocoupling in our group 

was proposed to be radical mediated as reactivity ceased in the presence of a radical 

trap.86  

 

For the dehydrocoupling of amine-boranes the choice of radical traps that could be used 

were rather limited due to the reactivity of the substrate with both carbonyls and alkenes 

to form hydroboration products. This meant that radical traps such as benzophenone 

(112, Fig. 2.24) and 6-bromo-hex-1-ene (113) would be unsuitable as the amine-borane 

could react with the substrate rather than any radicals that were present in solution. 
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Another common radical trap that could potentially cause an issue with the substrate is 

(chloromethyl)cyclopropane (114) or (iodomethyl)cyclopropane (115) as the product of a 

successful radical trap is but-1-ene (Scheme. 2.15), which could then react with the 

substrate. However, if this was to happen it would prove that radicals were present since 

but-1-ene can only form through a radical process. The product from the reaction of but-1-

ene with dimethylamine-borane would be expected to have a distinctive shift further 

downfield from the desired product, so it would be possible to pin point in the NMR 

spectrum. 

 

 

Figure 2.24 - Structures of common radical trapping agents/radical clocks 

 

Scheme 2.15 - Scheme showing how butene is formed from radical clocks 114 or 115 

The first radical trap trialled in this reaction was (2,2,6,6-tetramethyl-1-piperidinyl)oxyl 

(TEMPO, 116), this compound is an air stable free radical that can react with other 

radicals in solution to prevent the reaction from progressing. The reaction was set up and 

10 mol% TEMPO (10 equivalents with respect to catalyst) was added a minute after the 

reaction had initiated and was monitored by 11B NMR spectroscopy over 12 hours. The 

reaction had reached complete conversion during this time, indicating that the TEMPO 

had little effect on the rate, suggesting the mechanism does not involve radicals. The 

same observation was made when cumene (117) was used, the reaction still progressed 

to completion rather than being halted, again suggesting radicals were not present. The 

final test used 114, as this could be easily monitored by 1H NMR spectroscopy as well as 

11B NMR spectroscopy. 114 was added a minute after the reaction had started and after 

13 hours the reaction had reached complete conversion, which was monitored by 11B 

NMR spectroscopy. An attempt was made to monitor the formation of butene by 1H NMR 

spectroscopy, possessing distinctive signals around 5.5 ppm for the alkenyl protons, 

however, the signals in the spectrum were extremely broad, making it difficult to assign 

accurately. The broadness of the signals was most likely due to the presence of 

paramagnetic iron species in the NMR sample. By overlaying the spectrum of 114 onto 

the reaction spectrum and it was possible to tentatively assign some of the peaks to the 

radical clock indicating that there was no formation of but-1-ene, further suggesting this 
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reaction is not of a radical nature. This is a very surprising result since one would 

ultimately assume that the DHC of phosphines to make P-P bonds would proceed in a 

similar manner to that of N-B formation. 

 

 Isotope studies 2.3.4.

A kinetic isotope study was carried out for the DHC of 14 to try and determine the rate 

limiting step for this reaction (Scheme 2.16). Deuterated ABs (14-BD/14-ND/14-BDND, 

Scheme 2.16) were synthesised using modified procedures.15 The rates for each reaction 

were determined by plotting the concentration of substrate versus time (Fig. 2.25), the 

gradient of the line obtained being the rate of reaction. For 14-BD the kinetic isotope effect 

(KIE) was found to be 2.0 ± 0.1, for 14-ND 1.7 ± 0.1 and 14-NDBD 3.0 ± 0.2. These 

obtained values show that deuterating both the B or N had little effect on the rate, this 

suggests that the breaking of the E-H (E = B or N) bonds has very little effect on the rate 

and so are not involved in the rate determining step. Taking this into account, this would 

suggest the rate determining step is either the formation of the N-B bond, coordination of 

the substrate to the catalyst or the formation of a different product.  

 

 

Scheme 2.16 - Reactions performed to determine KIEs 

 

Figure 2.25 - Plot of concentration vs. time for determination of KIEs for substrate consumption. 

Blue, 14. Orange, 14-BD. Grey, 14-ND. Yellow, 14-BDND 

y = -116.69x + 500000 
y = -59.397x + 500000 
y = -69.543x + 500000 
y = -38.878x + 500000 

0

100000

200000

300000

400000

500000

600000

0 500 1000 1500 2000 2500

C
o

n
ce

n
tr

at
io

n
 (

µ
m

o
ld

m
-3

) 

Time (s) 

Concentration vs. time 

14

14-BD

14-ND

14-BDND



71 
 

When the KIE is calculated for the formation of the cyclic product (Fig. 2.26), using the 

same method as was mentioned above, slightly higher values are obtained. In this case 

the KIE for 14-BD was found to be 2.1 ± 0.2, 14-ND was 2.5 ± 0.2 and 14-BDND was 3.6 

± 0.3. Again, the values obtained are lower than what would be expected for a primary 

KIE (5-10) but are much higher than the previously obtained values, suggesting that the 

rate determining step is more likely to be the formation of the cyclic product rather than 

dimeric intermediate. Another explanation for the low KIEs observed could be due to the 

reaction proceeding through a non-linear transition state, as it is proposed that small 

angles for proton/hydride transfer lead to smaller KIEs.98  

 

 

Figure 2.26 - Plot of concentration vs. time for determination of KIEs for product formation. Blue, 

14. Orange, 14-BD. Grey, 14-ND. Yellow, 14-BDND 

 Homogeneous vs. heterogeneous 2.3.5.

As was mentioned in the introduction both homogeneous and heterogeneous 

dehydrocoupling is possible for amine and phosphine-boranes. To probe this, poisoning 

experiments were trialled to see if this halted the reactivity of the catalyst. The Manners 

group have previously detailed a poisoning experiment by adding 0.1 equivalents of PMe3 

relative to the catalyst loading.19 The poison coats the surface of any nano-particulate iron 

that may be catalysing the reaction, blocking active sites on the catalyst and so preventing 

the reaction from taking place. Substoichiometric quantities of the poison are used 

because a surface is involved in heterogeneous catalysis so there are fewer active sites 

compared to the same amount of pre-catalyst performing the reaction homogeneously. 

Using a small quantity of poison blocks very few sites if the reaction is homogeneous and 

allows the reaction to progress but at a potentially slower rate. 
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The first reaction that was tested was the DHC of 14. Initially, 0.2 equivalents of PMe3 

were added to the reaction after the catalyst had been added (Scheme 2.17), this did not 

show any halting of the reaction. One thing to note is that the PMe3 used showed signs of 

oxidation because a solid had formed in the bottom of the sample, meaning that a mixture 

of the PMe3 and its oxide may have been added. If this is the case, then more PMe3 would 

need to be added as the oxide may not coordinate to the surface and there may have 

been insufficient PMe3 to halt reactivity. To confirm this result the reaction was repeated 

with PPh3 instead of PMe3, as PPh3 is much more resistant to oxidation and was also 

easier to measure out an accurate amount (PMe3 had to be added as a standard 

solution). Again, there was no sign of the reaction being hindered because the reaction 

reached completion. However, the reaction was slowed significantly by the addition of 

PPh3 because the reaction had not finished within 12 hours. As the reaction was not 

completely inhibited, this suggests that the DHC of dimethylamine-borane is 

homogeneous. The reaction solution is a transparent pale yellow solution which would, 

qualitatively, indicate the reactions are not contaminated with nanoparticulate iron. 

 

 

Scheme 2.17 - Poisoning experiments performed on dimethylamine-borane 

During the course of DHC for 7 a precipitate was observed, therefore the poisoning 

experiments were repeated for this reaction. When this reaction was carried out the PPh3 

was added to the reaction before heating occurred. In the absence of PPh3 there is a 

distinctive colour change from yellow to red before the solution turns brown/orange and a 

precipitate forms. When the reaction was heated in the presence of PPh3 this colour 

change was not observed and there was no precipitate observed after heating for ~16 

hours. When the DHC of 7 in the presence of PPh3 was monitored by 31P NMR 

spectroscopy there was evidence to suggest that DHC had taken place but the reaction 

did not reach completion (86%) even after being heated for seven days. The fact that no 

precipitate has formed due to the addition of PPh3 could suggest that the active catalyst in 

this reaction is much less stable than the amine equivalent (providing they proceed via 

analogous mechanisms) and the addition of PPh3 helps to stabilise this species, with the 

precipitate that is usually observed being formed as a product of catalyst deactivation. To 

study this further a reaction should be carried out where the PPh3 is added after the 

reaction has been heated to see if the precipitate that forms during the reaction is 

prevented. From the studies so far it is possible to speculate that this reaction is most 

likely homogeneous as the reaction still progresses even after the addition of the poison. 
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 Proposed catalytic cycle 2.3.6.

The postulated mechanism for the DHC of 14 is shown below (Scheme 2.18). To activate 

the pre-catalyst, 87 reacts with an equivalent of 14 via a σ-BM step to form the active 

species (118). Once formed, 118 can then react with another equivalent of substrate and 

undergo another σ-BM step, via a [2+2] cyclic transition state, to form the dimer, 19, along 

with an intermediate iron hydride species, 110. 110 can then do one of two things, it can 

react with another equivalent of the substrate, again via σ-BM, to reform 118, or it can 

react with 19 to form 111. 111 can then undergo δ-hydride elimination to form the cyclic 

product 15, regenerating 110. Both 110 and 111 have been isolated giving evidence that 

the proposed mechanism is feasible. Further evidence for this kind of mechanism is from 

the Manners group in 2010. They propose their titanocene complex (Chapter 1, Scheme 

1.5) reacts via a similar mechanism. This also fits with the observed KIEs as the transition 

states proposed would be non-linear and the rate limiting step would be the formation of 

the cyclic product, which accounts for the higher KIE for the formation of the product. The 

structure of complex 111 also helps to prove that elimination of 15 is likely to proceed via 

a non-linear transition state as the protons on the borane interact with the metal centre in 

the solid state.  

 

 

Scheme 2.18 - Proposed mechanistic cycle for the DHC of dimethylamine-borane, 14 
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 Conclusions and future work 2.4.

In conclusion, a method for dehydrocoupling both amine and phosphine-boranes has 

been developed that uses a cheap, easily synthesised pre-catalyst. A variety of substrates 

have been synthesised and trialled with the pre-catalyst with varying results (Fig. 2.27), 

the most surprising being that primary ABs showed little activity with the catalyst, most 

likely due to low solubility. The catalyst we have used works at conditions that compete 

with other established catalysts for amine-boranes (RT and 1 mol% catalyst loading). 

However, this particular system does have its limitations, mainly related to solvents that 

the catalyst system is compatible with, thereby limiting the substrates that can be used. As 

for phosphine-boranes, the literature has very few examples of iron catalysts being used 

to undertake DHC and the system that has been looked at during this study works under 

marginally less forcing conditions than the catalyst used by the Manners group (110 ºC 

compared to 120 ºC). On top of the less forcing conditions the catalyst is much more 

selective for the cyclic product 9, with Manners system only forming a dimer when used 

with diphenylphosphine-borane. This particular catalyst is also less effective at 

polymerisation as a mixture of polymeric material and smaller oligomers are obtained 

when the primary phosphines are used. 

 

 

Figure 2.27 - Examples of substrates tested during this study. Spectroscopic and isolated yields 

given in parenthesis where appropriate. 
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A series of mechanistic studies have also been performed for the DHC of 14. Kinetic 

studies showed that the reaction was first order in both catalyst and substrate and, 

importantly, an iron hydride (110) has been isolated along with an iron amine-borane 

complex (111). These observations, along with kinetic and isotope studies, led to a 

proposed mechanism shown in Scheme 2.18. What is also interesting is that our studies 

suggest that radicals are not involved in the DHC of ABs. We predict that the DHC of 

phosphine-boranes proceeds via a similar route due to evidence for the formation of 

complex 109 (Scheme 2.11). 

 

Looking forward the question we wished to ask is whether, given the facile nature of DHC 

of ABs, could we harness the hydrogen released from ABs for use in further organic 

transformations?  
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Chapter 3 - Mechanistic investigations of alkene 

transfer hydrogenation  
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 Results and discussion 3.1.

Optimisation and substrate scope for this work was carried out by Dr Maialen Espinal-

Viguri, the substrate scope is not discussed within this section. The computational results 

were carried out by Samuel Neale and Stuart Macgregor at Heriot-Watt University. For full 

details of the work see the following publication.99 This chapter will specifically look at the 

mechanistic studies including deuterium labelling reactions, intermediate isolation and the 

comparisons with the computational results.  

 

 Postulated mechanistic pathway 3.1.1.

From the previous chapter it is clear that iron β-diketiminate complexes react readily with 

amine-boranes to release hydrogen gas: we questioned whether this reactivity could be 

harnessed, not to release H2, but to discretely use the hydridic and protic nature of amine-

boranes in transfer hydrogenation chemistry. Previous postulated mechanisms for both 

hydroboration (HB, Scheme. 3.1)85 and hydrophosphination (HP, Scheme. 3.2)88,100 using 

the same pre-catalyst also indicate that transfer hydrogenation is feasible based on the 

combination of the two mechanisms (Scheme. 3.3).99 The protonolysis step to release the 

products for protic substrates (amines/phosphines) is also postulated by Hannedouche 

and co-workers in a catalytic intramolecular hydroamination using an iron (II) nacnac 

complex.84   

 

HB with 87 is postulated to proceed via the formation of an iron hydride (110, Scheme 

3.1) with the release of Si(CH3)3CH2Bpin (119). 119 was observed in the corresponding 

publication and was characterised by NMR spectroscopy.85 The alkene then inserts into 

110 to form an iron alkyl species. This complex can then react with another equivalent of 

HBpin, releasing the HB product, and regenerating 110, closing the catalytic cycle. 

 

In contrast to the HB mechanism, it is postulated that the first step of HP is reaction of the 

substrate (120, Scheme 3.2) with 87 to form an iron phosphido species (121) with the 

release of SiMe4. The iron phosphide has been isolated from stoichiometric reactions, 

resulting in a dimeric species in the solid state.100 In the case of 120 the substrate then 

undergoes co-ordination/insertion forming an iron alkyl species. For the substrate shown 

rearrangement to a new Fe-phosphido species is possible due to the protic nature of the 

hydrogen on the phosphorus. Release of the product proceeds via protonolysis, 

regenerating 121.  
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Scheme 3.1- Proposed mechanism for hydroboration 

 

 

Scheme 3.2 - Proposed mechanism for hydrophosphination 

It was believed that by combining the protic nature of amines and the hydridic nature of 

boranes that it might be possible to exploit the reagents to hydrogenate both alkenes and 

alkynes. In this postulated mechanism, using n-butylamine as the amine, the first step was 

proposed to be the formation of an iron amido species (122). This species would then 

react with HBpin, releasing an amino-borane and generating the iron hydride, 110. 110 
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could then react with an alkene, forming an iron alkyl species. This could then react with a 

further equivalent of amine, regenerating 122 and releasing the hydrogenated product via 

protonolysis. This method would allow for the regioselective deuteration of the substrate 

by using either deuterated amine or borane. The postulated regioselectivity is shown in 

Scheme 3.3, blue represents hydrogens from amines and orange represents hydrogens 

from borane. Another advantage of this method over other iron catalysed methods is that 

substrates bearing amine or alcohol functionalities could be hydrogenated as the 

mechanism requires the co-ordination of these substrates. This reduces the potential of 

the reaction being shut down by co-ordination of a substrate/product. Literature reports for 

the hydrogenation of alkenes containing primary amines usually use much harsher 

conditions or the catalysts become poisoned, leading to poor reactivity.69,101–103 

 

 

Scheme 3.3 - Proposed mechanism for transfer hydrogenation, showing proposed regioselectivity 

 

 Deuterium labelling studies 3.1.2.

For deuterium labelling experiments (Scheme 3.4), deuterated aniline was used rather 

than deuterated n-butylamine due to ease of synthesis. Prior to deuterium studies, a 

reaction was carried out under standard conditions in the presence of aniline instead of n-

butylamine and comparable results were obtained. DBpin was prepared as a solution in 

benzene using a literature procedure.104 The percentages calculated for deuterium 

incorporation into the alkyl product are relative to the regioselectivity; they do not 

represent the total deuterium incorporated. Proteo products are observed by both 13C{1H} 

NMR and mass spectrometry due to incomplete deuteration of the starting materials (88-
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95% D). The deuterium labelling studies were performed to determine the regioselectivity 

of the amine/borane proton/hydride transfer.  

 

 

Scheme 3.4 - General reaction scheme for deuterium labelling experiments 

When deuterated aniline was used (Table 3.1, Fig. 3.1), extremely high selectivity was 

observed (≥ 90%) for the terminal carbon (C-1) for alkyl substrates (123, 125) with 

allylbenzene (127) also exhibiting high regioselectivity (87%). For aryl substrates 

(129/131/133) a loss in selectivity is observed, with the electron donating methoxy group 

in 131 (83%) yielding the greatest selectivity for the terminal position. The electron 

withdrawing trifluoromethyl group of 3.7 yielded the lowest selectivity (63%) for C-1. 

Styrene (129), which is the intermediate species in terms of electronics, exhibits selectivity 

between the electron donating/withdrawing substituents, thus suggesting the change in 

selectivity is due to a difference in the electronics of the substrates.  

 

Deuteration was also tested with substrates containing internal sources of 

protons/deuterium (d-135/d-137). For d-135, analogous selectivity was observed to that of 

the simple alkenes, which could be expected as the structure is very similar to that of allyl 

benzene. However, substrate d-137 goes against the trend of selective terminal 

deuteration with no selectivity being observed. Traces of isomerisation are seen with 

deuterium incorporation being observed at C-3. This suggests that phenols react via a 

different mechanism, or at least via a step that is sufficiently slow enough to allow 

isomerisation. More studies would be required to see if allyl phenol is the only alcohol 

substrate to undergo isomerisation. 
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Figure 3.1 - Graphical representation of deuteration incorporation with N-deuterated aniline 

Table 3.1 - Ratios for the regioselective deuteration using D2NPh. C-1, C-2 and C-3 are displayed 

in Scheme 3.4. The values given are calculated from the 
2
H NMR spectrum 

 
 

 Average values (%) 

Entry Substrate Product C-1 C-2 C-3 

1  
123 

124-a 92 8 0 

2  
125 

126-a 93 7 0 

3  
127 

128-a 87 13 0 

4 
 

129 

130-a 76 24 - 

5 
 

131 

132-a 83 17 - 

6 
 

133 

134-a 64 36 - 

7 
 

d-135 

136-a
a
 91 9 0 

8 
 

d-137 

138-a
 a
 52 40 8 

Reaction conditions: 0.25 mmol alkene, 10 mol% 87, 0.25 mmol D2NPh, 0.25 mmol HBpin, 0.5 mL 
benzene, RT, 16 hours. Values obtained are an average of 2 runs. 
a
 0.25 mmol alkene, 10 mol% 87, 0.25 mmol HBpin, RT, 16 hours. Values obtained from 1 run. 
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When the analogous deuterium studies were performed with DBpin, the opposite trend to 

that observed for aniline was seen for a majority of the substrates (Table 3.2, Fig. 3.2). 

The substituents bearing longer alkyl chains (123/125) showed excellent selectivity 

(>92%) which is consistent with the d2-aniline reactions, 127 showed a slight increase in 

selectivity (91%). Again, for the aryl substrates (129/131/133) a reduction in selectivity is 

observed, providing further evidence of the electronics contributing to the loss in 

selectivity. This is also supported by 127 exhibiting excellent selectivity, with the only 

difference between 127 and 129 being a methylene linker between the aromatic ring and 

the double bond, substantially reducing the electronic influence of the ring due to a loss in 

conjugation. Substrate 135 shows high selectivity (>96%), consistent with the previous 

results for d-135. 137 shows a complete loss in selectivity with a small amount of 

isomerisation observed, matching the results obtained for d-137. There are two 

reasonable suggestions for the loss in selectivity. Firstly, as some bubbling is observed 

this suggests that there is release of dihydrogen or HD and subsequent activation. The 

activation of dihydrogen/HD would lead to a product with non-selective deuterium 

incorporation and this has been investigated and the results are given in Chapter 3.1.3. 

The rapid loss of dihydrogen suggests a quicker reaction between the alcohol and borane 

than the amines and borane. Rapid dehydrocoupling can also be expected as this 

reaction is known to proceed in the absence of a catalyst.105 A second explanation is that 

the protonolysis step is substantially slower for alcohols than amines. This would allow the 

intermediate alkyl species to isomerise which Holland and co-workers have shown to be 

possible for simple alkyl species with β-hydrogens. This mechanism also fits with the 

observed incorporation of deuterium at C-3. 

 

 

Figure 3.2 - Graphical representation of deuteration with DBpin 



83 
 

Table 3.2  - Ratios for the regioselective deuteration using DBpin. C-1, C-2 and C-3 are displayed 

in Scheme 3.4. The values are calculated from the 
2
H NMR spectrum 

 
 

 Average values (%) 

Entry Substrate Product C-1 C-2 C-3 

1  
123 

124-b 7 93 0 

2  
125 

126-b 7 93 0 

3  
127 

128-b 9 91 0 

4 
 

129 

130-b 25 75 - 

5 
 

131 

132-b 33 67 - 

6 
 

133 

134-b 44 56 - 

7 
 

135 

136-b
a
 4 96 0 

8 
 

137 

138-b
 a
 50 44 6 

Reaction conditions: 0.25 mmol alkene, 10 mol% 87, 0.25 mmol H2NPh, 0.25 mmol DBpin, 0.5 mL 
benzene, RT, 16 hours. Values obtained are an average of 2 runs. 
a
 0.25 mmol alkene, 10 mol% 87, 0.25 mmol DBpin, RT, 16 hours. Values obtained from 1 run. 

 

 High pressure studies 3.1.3.

To determine whether free hydrogen was essential for the reaction a series of high 

pressure studies were performed. The reactions were performed at 20 bar unless 

otherwise stated using aniline (Scheme 3.5). n-Butylamine was the amine used for the 

substrate scope in the publication, 99 however, upon addition of all reagents a viscous gel 

forms (Fig. 3.3), this makes mixing the reagents difficult and so this was not used for high 

pressure studies. The high pressure reactions were investigated as when a large scale TH 

using n-butylamine was performed isomerisation was observed (18% of the isolated 

material), leading to incomplete hydrogenation. This was not observed when the reactions 

were performed in a J-Young NMR tube, suggesting H2 release could occur, with a build-

up of pressure leading to subsequent activation of the H2. The use of a larger flask would 

reduce the effective pressure of H2 due to an increase in volume, lowering the chance of 

hydrogenation. A summary of all the reactions carried out can be found in Table 3.3. 

Allylbenzene (127) was chosen as the substrate as it also has the possibility to isomerise 
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or undertake competitive hydroboration (forming 139) whilst the alkane produced from 

hydrogenation (128) is volatile and therefore easy to distil.  

 

 

Scheme 3.5 - Graphical summary of conditions used in high pressure studies 

 

Figure 3.3 - Left, reaction performed with aniline. Right, reaction performed with n-butylamine. The 

reaction on the right does not reach completion, isomerisation occurs 

Table 3.3 - Results for high pressure studies 

Entry Amine 
Amine 
(mmol) 

HBpin 
(mmol) 

87 (mmol) 
Pressure 

(bar) 
Spec. Yield 

(128, %) 

1
a 

Aniline 0.25 0.25 0.025 - 69 

2 Aniline 0.25 0.25 - 20 0 

3 Aniline 0.25 - 0.025 20 0 

4 - - - 0.025 20 0 

5 - - 0.25 0.025 20 69 

6 - - 0.25 0.025 <10 55 

7 - - 0.25 - 20 0 

8 Aniline 0.05 0.05 0.025 20 18 

9 - - 0.05 0.025 20 65 

10 - - 0.05 0.025 <10 57 

Standard reaction conditions: 0.25 mmol 127, 0.5 mL C6D6, RT, 1 hour. Products isolated via 
distillation.  Spectroscopic yield calculated from an average of three runs from integration of the 

1
H 

NMR spectrum against an internal standard (DCE, 7.92 µL, 0.1 mmol).  
a
 Reaction was left open in the glovebox for 1 hour. Average calculated from 2 runs. 

 

To determine whether an atmosphere of dihydrogen was essential for the complete 

hydrogenation a TH reaction was carried out in an open vessel so that any H2 produced 

could escape. When the reaction was performed with aniline an isolated yield of 69% was 

obtained (Entry 1, Table 3.3), 12% 139 was also observed. This strongly suggests that an 
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atmosphere of H2 is not essential and that the process occurs almost entirely via proton 

and hydride transfer on-metal. It also shows that HB can compete with the hydrogenation.  

 

As the reaction was found to occur with high yields in the absence of an atmosphere of H2 

with aniline the high pressure reactions under 20 bar of H2 were carried out by 

systematically removing the reagents to see if the reaction occurred. In the absence of 

catalyst (Entry 2, Table 3.3) and HBpin (Entry 3, Table 3.3) no conversion was observed 

implying that these two reagents are essential to the reaction. Absence of all reagents 

except pre-catalyst and substrate also led to no hydrogenation, showing that aniline was 

not preventing the reaction by irreversibly binding (Entry 4, Table 3.3). Interestingly in the 

absence of an amine and at 20 bar H2 comparable yields of alkane were obtained (69 %, 

Entry 5, Table 3.3) but the amount of HB product (139) observed was much greater (24-

35 %). The pressure of H2 was then lowered to less than 10 bar (~6.5 bar) to a pressure 

close to the calculated pressure inside a J-Young tube under the assumption that TH was 

not occurring. At ~6.5 bar, the pressure calculated using the ideal gas law, hydrogenation 

still occurs However, the yield of alkane at ~6.5 bar is reduced (55%, Entry 6, Table 3.3) 

and the quantity of 139 has increased (36-45 %). This suggests that the HBpin is assisting 

in the activation of dihydrogen and that it is most likely involved in the activation of the pre-

catalyst as only a catalytic quantity is required. Removal of 87 from the HBpin reactions 

under H2 does not yield any alkane (Entry 7, Table 3.3). 

 

Leading on from this, catalytic quantities (20 mol%, relative to 127) of amine and borane 

were trialled under the high pressure conditions. The use of catalytic aniline and borane 

provided very poor yields of 128, with just 18% isolated (Entry 8, Table 3.3). The use of 

20 mol% HBpin under 20 bar of H2 gave similar results to stoichiometric quantities of 

HBpin, with a yield of 65% obtained (Entry 9, Table 3.3). Similar results were also seen at 

lower pressure (57%, Entry 10, Table 3.3). This suggests that the HBpin is assisting in 

the activation of dihydrogen as the reaction does not progress in the absence of HBpin. 

The reason that full conversion to 128 is not possible is that HB is a competing process, 

although it is a considerably slower reaction. Further work on using boranes incapable of 

hydroborating the substrates needs to be investigated.  

 

 Isolated complexes 3.1.4.

Many attempts to isolate intermediates in the catalytic cycle have been performed using 

both the standard reaction system (Scheme 3.6) as well as with aniline which was 

required for the deuterium labelling experiments as was mentioned in the previous 

section. Allylaniline 135 was also used to investigate the effects that a substrate 

containing both an amine and alkene functionality had on the solid state structure. 
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Scheme 3.6 - General reaction scheme for the transfer hydrogenation of alkenes/ynes 

Stoichiometric reactions were performed to try and determine what species could form in 

situ. When the pre-catalyst (87) was reacted with an equivalent of HBpin there was no 

apparent reaction. However, when 87 was reacted with n-butylamine (Scheme 3.7) a 

distinct shift was observed in the 1H NMR spectrum (Fig. 3.4) as well as a colour change 

from yellow to orange. Attempts to isolate this complex have been unsuccessful but it is 

believed that the complex formed is (140). Evidence for this species is from a 

stoichiometric reaction of 87 with an equivalent of n-butylamine which was reacted for ten 

minutes to allow the orange colour of 140 to from. This was followed by addition of 4-

dimethylaminopyridine (DMAP, Scheme 3.8). As DMAP is a stronger σ-donating ligand it 

should displace any n-butylamine that is not covalently bound to the iron. The resulting 

complex from this reaction is 141, which has been isolated and identified 

crystallographically (Fig. 3.5). The 1H NMR spectra shown in Fig. 3.4 all show different 

peaks, suggesting the complexes in situ are not equivalent. As the middle spectrum is 

after the addition of n-butylamine this would suggest it is complex 140. Addition of DMAP 

to this sample led directly to 141. If a stoichiometric reaction of 87 with n-butylamine is left 

overnight (Scheme 3.9) this results in the formation of large yellow crystals (a powder 

forms if the reaction is stirred) which is only partially soluble in common NMR solvents 

(C6D6, CD2Cl2, THF). This complex was identified as 142 by XRD (Fig. 3.6). NMR analysis 

of 142 has proven difficult due to its insolubility.  

 

 

Scheme 3.7 - Stoichiometric reaction of n-butylamine with 87 

 

Scheme 3.8 - Synthesis of 141 
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Figure 3.4 – Bottom, 
1
H

 
NMR spectrum of 87. Middle, 

1
H

 
NMR spectrum after the addition of n-

butylamine to 87, this is believed to be 140. Top, 
1
H

 
NMR spectrum after the addition of DMAP 

(141).  Spectra of all compounds are different providing evidence for the existence of 140 (middle) 

 

Figure 3.5 - Structure of 141. Thermal ellipsoids shown at 50% probability. Protons have been 

omitted for clarity 
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Scheme 3.9 - Synthesis of 142 

 

Figure 3.6 - Structure of 142. Thermal ellipsoids shown at 50% probability. Protons (except 

H2/H2’) and 
i
Pr groups have been omitted for clarity 

Compound 141 exhibits a Fe1-C30 distance of 2.0813(19) Å which is longer than the 

analogous bond in 87 (2.0226(18) Å), this is to be expected due to the addition of the 

DMAP. The Fe1-N1 and Fe1-N2 bond lengths were found to be 2.0324(16) and 

2.0550(15) Å respectively. The longest Fe-N bond was found for Fe1-N3 which was 

2.1421(17) Å which is to be expected due to it being a dative covalent bond. For 142, 

bond lengths from Fe to the nacnac ligand were found to be 2.0632(12) Å (Fe1-N1) and 

the Fe-N distance for the bridging groups were found to be 2.054(2) and 2.097(2) Å. A 

comparison for all structures in this chapter and tables of key bond lengths and angles 

can be found in Chapter 3.1.4.1. 

 

A stoichiometric reaction was also carried out with aniline to compare the reactivity to that 

observed with n-butylamine (Scheme 3.7/3.9). When an equivalent of aniline was added 
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to the 87 (Scheme 3.10) a large singlet at 0 ppm appeared in the 1H NMR spectrum, 

indicating the loss of SiMe4 and generation of a new species (Fig. 3.7). The NMR 

spectrum of this species shows similar features to an amido complex isolated by Holland 

and co-workers bearing a 4-tolylamido ligand.89 This reaction was repeated on a larger 

scale and the reaction was performed in pentane affording a dark orange powder. 

Addition of a small amount of toluene and crystallisation overnight at -25 °C yielded 

orange crystals suitable for XRD, proving the formation of 143 (Fig. 3.8). It is worth noting 

that the surface of these crystals rapidly darken when removed from solution in the 

glovebox, along with small quantities of the solution darkening on exposure to the 

glovebox atmosphere. This suggests rapid reactivity of the complex with the glovebox 

atmosphere. This is not entirely surprising as Holland has previously reported that their 

complex shows modest decomposition over 24 hours, even at -35 ºC. The major 

difference between 142 and 143 is that 143 is isolated as a monomer in the solid state, 

rather than a dimer. The crystal of 143 was characterised as having two 

crystallographically unique complex molecules in the asymmetric unit. The Fe1-N1 and 

Fe1-N2 distances of 1.960(2) and 1.972(2) Å respectively and the Fe1-N3 distance is 

(1.896(3) Å).  

 

 

Scheme 3.10 - Synthesis of 143 

 

Figure 3.7 - 
1
H NMR spectrum of 143. Paramagnetic signals assigned to the complex highlighted 
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Figure 3.8 - ORTEP plot of one of the two crystallographically unique molecules of 143. Thermal 

ellipsoids are shown at the 50% probability level. Protons (except H3) are omitted for clarity 

The final intermediate that was isolated was 144. To synthesise 144, 87 was reacted with 

an equivalent of 135 in benzene (Scheme 3.11). The solvent was removed, and the 

complex was dissolved in pentane and crystallised on standing at -25 ºC. Dark orange 

crystals were isolated and the structure was determined by single crystal XRD (Fig. 3.9). 

The structure shows a stabilising interaction between the alkene moiety and the metal 

with a distance of 2.023(2) Å from the metal to the centre of the alkene (Fe1-(C30-C31)). 

The alkene shows a length of 1.367(4) Å which is longer than an ideal C=C bond, 

suggesting that there is some elongation from π-backbonding. The Fe1-N3 bond was 

found to be 1.920(2) Å and the Fe-nacnac distances for this complex were 2.023(2) Å 

(Fe1-N1) and 1.995(2) Å (Fe1-N2). As the alkene was situated close to the metal it was 

believed that it may be possible to react 144 with one equivalent of HBpin to isolate an 

alkyl intermediate (145, Scheme 3.12). A reaction was monitored in situ by 1H NMR 

spectroscopy where 144 was formed before the addition of HBpin, this resulted in the 

formation of a new species (Fig. 3.10). Attempts to isolate this species have been 

unsuccessful. The 1H NMR spectrum shows many minor signals along with a set of major 

signals shortly after addition of the HBpin, this suggests that some decomposition of the 

complex could be occurring almost instantaneously. The 11B NMR spectrum also shows a 

sharp signal at 24 ppm which is the region expected for a N-B bond, with the 1H NMR 

spectrum showing no signals for alkenes. This suggests loss of the hydrogenated 

substrate from the complex, forming 146. If the hydrogenated substrate was bound the 11B 

signal for the ligand would be expected to shift dramatically as was seen for complex 111, 

where the boron signals were located at 793 and 683 ppm (Chapter 2.3.1). One reason 

this complex may not be particularly stable is the location of the amine group relative to 
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the propyl group. HBpin is bulky and this would be relatively close to the Dipp groups of 

the complex which would result in unfavourable steric interactions.  

 

 

Scheme 3.11 - Synthesis of 144.  

 

Scheme 3.12 - Left, reaction of 144 with HBpin. 145 is the proposed complex formed during the 

reaction. Right, product of hydrogenation for 135 before work-up 

 

 

Figure 3.9 - Structure of 144. Thermal ellipsoids shown at 50% probability. Protons (except H3) 

have been omitted for clarity 
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Figure 3.10 - Bottom, 
1
H NMR spectrum of 144. Top, 

1
H NMR spectrum of 144 after addition of 

HBpin, leading to a new species. Signals assigned to each species given in the spectra. 

To try and circumvent steric issues of the alkyl intermediate 145, 4-vinylaniline (147) was 

also investigated. Preliminary results show that 147 reacts cleanly with 87 to form 148 

(Scheme 13). Even though the crystal structure of 148 has not been determined, the 1H 

NMR spectrum of 148 (Fig. 3.11) shows many features that are similar to 143 (Fig. 3.7). 

Addition of HBpin to 148 led to a complex 1H NMR spectrum. The 1H NMR spectroscopic 

data gives tentative evidence for the formation of an alkyl species (149) as a similar 

complex is also observed when diphenylsilane is used instead of HBpin (silane 

hydrogenation is discussed in greater detail in Chapter 3.1.6). 

 

 

Scheme 3.13 – Reaction of 87 with 147 followed by HBpin 
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Figure 3.11 – Bottom, 
1
H NMR spectrum of 148. Top, 

1
H NMR spectrum of 148 after addition of 

HBpin. Peaks highlighted are for the proposed complex 149 

 Structural comparison of isolated complexes  3.1.4.1.

As a number of complexes have been synthesised during the course of these experiments 

this allows for some comparison of the physical structures of these complexes (Fig. 3.12/ 

Table 3.4, Fig. 3.13/ Table 3.5). For the complexes containing CH2SiMe3 ligands, addition 

of an additional ligand to the iron, increasing the coordination number, appears to 

lengthen the bonds in general. When DMAP was added to 87 a substantial increase in the 

Fe-C bond length was observed with the bond elongating from 2.0226(18) Å (87) to 

2.0813(19) Å (141). A lengthening of the Fe-N bonds to the nacnac ligands is also 

observed. This is to be expected due to the increased steric repulsion due to the extra 

ligand. As was previously mentioned the Fe-N bond from the DMAP to the Fe in 141 is 

longer than the Fe-N bonds for the nacnac as this bond is a dative covalent bond. 

Increasing the steric bulk also led to a reduction in the N-Fe-N bond angle of the ligand 

(94.00(6) to 91.05(6)°), this suggests that the complex is trying to reduce the steric 

clashes of the ligands. 
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Figure 3.12 - Structures of complexes 87 and 141 

Table 3.4 - Selected bond distances/angles for 87 and 141 

 
Length (Å) 

 
87 141 

Fe-C 2.0226(18) 2.0813(19) 

Fe-N (nacnac) 1.9913(14) 2.0324(16) 

 
1.9927(14) 2.0550(15) 

Fe-N (amine) - 2.1421(17) 

 
Angle (°) 

N-Fe-N 
(nacnac) 

94.00(6) 91.05(6) 

 

For the iron amido complexes (Fig. 3.13/Table 3.5) comparisons can be made to both 

dimeric and monomeric structures. 142 has both Fe-N covalent and dative covalent bonds 

and this is shown by the two differing Fe-N bond lengths with the longer bond (2.097(2) Å) 

proposed to be the dative bond. This is also in agreement with what was observed for the 

Fe-N bond in 141, which can only be dative covalent. 142 also shows elongated Fe-N 

bonds to the nacnac ligand (2.0632(12) Å), this is again believed to be due to sterics as 

both iron centres in these complexes are four coordinate. Complex 143 has the shortest 

bonds with the Fe-amine bond only 1.896(3) Å, highlighting the effects of sterics. The 

reduction of unfavourable interactions also allows for shorter bonds between the iron and 

the nacnac ligand (1.960(2)/1.972(2) Å). The introduction of an intramolecular bond leads 

to the increase in bond lengths as is seen in complex 144. The Fe-(C=C) bond increases 

the coordination number as well as unfavourable interactions and so the bond lengths 

increase to relieve this. For complexes 142, 143 and 144, 142 has the smallest N-Fe-N 

angle for the nacnac ligand (92.23(7)°) which compares to the observations made for 141. 

This would suggest that the N-Fe-N angle for 144 (94.52(9)°) should be smaller than 143 

(93.82(9)°), but this is not the case.  
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Figure 3.13 - Structures of complexes 142, 143 and 144  

Table 3.5 - Selected bond distances/angles for 142, 143 and 144 

 
Length (Å) 

 
142 143 144 

Fe-N (nacnac) 2.0632(12) 1.960(2) 2.023(2) 

 
- 1.972(2) 1.995(2) 

Fe-N (amine) 2.054(2) 1.896(3) 1.920(2) 

 
2.097(2) - - 

Fe-(C=C)
a
 - - 2.023(2) 

C=C - - 1.367(4) 

 
Angle (°) 

N-Fe-N 
(nacnac) 

92.23(7) 93.82(9) 94.52(9) 

a
 Distance from the Fe to the center of the C=C bond 

 

 

 Computational results and revised mechanism 3.1.5.

Thus far, the results obtained from the deuterium labelling supported the postulated 

catalytic cycle. The majority of the products from deuterium labelling showed addition to 

the internal carbon for DBpin and to the terminal carbon for D2NPh. However, the 

computational model suggested that competing processes could take place alongside the 

protonolysis step (Fig. 3.14). The energy barrier for protonolysis was calculated to be 

+21.2 kcal/mol, the highest energy of the three processes calculated for the Fe-propyl 

intermediate, 150. Hydroboration was computed to have the lowest energy barrier (+14.2 

kcal/mol), which would suggest that the hydroboration product would be the major 

species. This was not the case as very little hydroboration product was observed. Release 

of the product by dehydrocoupling of the amine and borane was also calculated and the 

energy barrier was found to be significantly lower (+16.2 kcal/mol) than the barrier for 

protonolysis. Protonolysis can also be ruled out for n-butylamine due to the slow reactivity 

of 87 with the amine to form 142 (Scheme 3.6) as well as the insolubility of 142. 
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Figure 3.14 - Competing reactions with an Fe-propyl intermediate, 150. Where several steps are 

involved, ΔG
‡
 represents the total energy span with respect to 150 

Support for release of the product by dehydrocoupling was observed in a standard 

catalytic run. When n-butylamine was used as the proton source addition of all reagents 

led to the solution becoming extremely viscous, forming an insoluble ‘gel’. This ‘gelling’ 

suggested interaction between the HBpin and the amine, however, this is not seen when 

using aniline as the proton source. To see if it was possible to identify an intermediate, a 

test reaction with n-butylamine and excess HBpin was performed in THF and the 11B NMR 

spectra were collected (Fig. 3.15). Upon addition of the amine to HBpin there was an 

immediate shift in the signal from 28.4 to 21.2 ppm. The major signal remained as a 

doublet, indicating that the majority of the species was an adduct rather than the amino-

borane (24.7 ppm), which was present in a small quantity. Leaving this sample for 10 

minutes resulted in an increase in the amino-borane (nBuHNBpin); this is unsurprising as 

Bertrand and co-workers have previously shown that HBpin and amines react in the 

absence of a catalyst.105 The sample was then left for 2 days after which time the signal 

for the excess HBpin had reappeared and the major species was the amino-borane. 
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Figure 3.15 - 
11

B NMR spectra for the addition and reaction of HBpin with n-butylamine 

Further modelling was performed to see if the dehydrocoupling of an oligomeric species to 

release the hydrogenated product was feasible and the image shown in Fig. 3.16 displays 

the protons/hydrides that are available from an eight member adduct. This structure helps 

to explain why the hydroboration side-reaction is suppressed. The HBpin is bound within 

an oligomeric network and so there is no free HBpin to borylate the Fe-propyl 

intermediate. This means that even though this process is energetically favourable, it is 

sequestered. To activate the pre-catalyst (87,5I; Fig. 3.17), the adduct can perform a 

simultaneous hydride/proton transfer. This releases tetramethylsilane and yields an Fe-H 

intermediate (5III). 5III then reacts as was postulated in Scheme 3.3 by undergoing 

insertion with an alkene to give an Fe-alkyl intermediate (5V; Fig. 3.18). The alkane is then 

released in a similar method to catalyst activation, however, the pathway shows that a 

new intermediate (5VII) can form where the amine-borane cluster is bound to the iron. In 

the computed pathway the amine-borane cluster contains two amines and two boranes. If 

the oligomer was a longer chain, such as the structure shown in Fig. 3.16, the oligomer 

would not be expected to bind as it would be much more sterically demanding. In this 

case a simultaneous hydride/proton transfer similar to catalyst activation would be 

expected as the intermediate would be much less stable. Once the product is released, 5III 

is regenerated, closing the catalytic cycle.  

HBpin 

HBpin + H
2
N

n
Bu 

 

HBpin + H
2
N

n
Bu  

+ 10 mins 

HBpin + H
2
N

n
Bu 

+ 2 days 
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Figure 3.16 - Computed structure of an oligomer formed between HBpin and n-butylamine. Ticks 

indicate available protons, crosses indicate protons used in hydrogen bonding. Boron atoms are 

peach, carbon atoms are grey, nitrogen atoms are blue and oxygen atoms are red. Image created 

by S. E. Neale 

However, this particular mechanism only explains the reactivity for n-butylamine. As was 

mentioned previously, addition of all reagents to aniline does not lead to the formation of a 

gel. This is supported by no observable shift of the boron peak in the 11B NMR spectrum. 

The formation of complex 143 was rapid in comparison to the formation of 142 and the 

complex itself rapidly decomposes at RT, again this is in contrast to 142. Based on the 

observations so far there is no evidence to suggest that this reaction does not proceed by 

the initial postulated cycle (Scheme 3.3) but there is evidence to suggest the reaction 

does not proceed by the revised cycle.  
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Figure 3.17 - Activation of the pre-catalyst (87, 
5
I) by an amine-borane cluster. Energies given in 

kcal/mol. Data presented are for the quintet spin state. Selected distances are provided in Å. Image 

created by S.E. Neale. 

 

Figure 3.18 - Free energy profile for the catalytic transfer hydrogenation of propene. Energies 

given in kcal/mol. Data presented are for the quintet spin state, except for alkene migratory 

insertion, where relevant triplet structures are also shown in grey. Selected distances are provided 

in Å. Image created by S.E. Neale. 
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 Transfer hydrogenation with silanes 3.1.6.

Previous work within the group had shown that it was possible to dehydrocouple alcohols 

and amines with silanes.106 One downside to the TH protocol that has been discussed in 

this thesis is that HB can compete with TH, reducing the yield of the product. By using a 

silane this would mitigate one of the side reactions as hydrosilylation has not been 

possible with 87. This study looked to investigate whether silanes could be used as an 

alternative hydride source to pinacol borane for the transfer hydrogenation of unsaturated 

carbon-carbon bonds.   

 

 Optimisation 3.1.6.1.

Previous work had shown dehydrocoupling was possible with a number of different 

amines and silanes, and so these reagents were optimised first. The reaction was 

performed under similar conditions to the previous transfer hydrogenation reactions: 10 

mol% catalyst, 0.25 mmol substrate, 0.25 mmol amine and 0.25 mmol silane. The 

substrate used for optimisation was allylbenzene (127), this is because there was 

potential for side reactions such as isomerisation to occur with this substrate, which we 

wanted to avoid. n-Butylamine and aniline were chosen as both are relatively cheap, 

aniline would also allow for deuterium labelling studies due to the ease of synthesis of d2-

aniline. The results of the optimisation are shown in Table 3.6. 

 

Table 3.6 – Optimisation of reagents for transfer hydrogenation using amines and silanes. 

Conversions calculated from residual starting material in the 
1
H NMR spectrum of in situ reactions 

   Conversion (%) 

Entry Silane Amine 1h 2h 3h 24h 

1 SiH2Ph2
 

H2NPh 58 86 97
 

Quant. 

2 SiH2MePh H2NPh 75 89 92 - 

3 SiH2Ph2 H2N
n
Bu 11 - 26 93 

4 SiH2MePh H2N
n
Bu 6 15 24 Quant. 

5 PMHS H2NPh - - 10 - 

6 SiPhH3 H2NPh - 79 79 - 

7 SiPhH3 H2NPh - - - 66 

Reaction conditions: 0.25 mmol allylbenzene, 10 mol% 87, 0.25 mmol amine, 0.25 mmol silane, 0.5 
mL C6D6, RT. 
PMHS: Polymethylhydroxysiloxane 

For the optimisation, reactions were monitored periodically by 1H NMR spectroscopy and 

conversions were recorded, the reactions were performed in J-Young NMR tubes. When 

the secondary silanes were used alongside aniline (Entry 1/2, Table 3.6) there was very 

little difference in reactivity, with both samples gave greater than 90% conversion after 

three hours. However, when moving from aniline to n-butylamine (Entry 3/4) there was a 
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significant reduction in conversion, both gave less than 30% within 3 hours. The reactions 

were left for twenty-four hours and after this time both showed quantitative conversions. 

Aniline was chosen as the optimal amine at this point and a further two silanes were 

tested, PHMS (polymethylhydroxysiloxane) and phenylsilane. After three hours PHMS 

showed extremely poor reactivity, with just 10% conversion observed (Entry 5). As this is 

a polymer the large steric bulk of the pre-catalyst can inhibit the dehydrocoupling of the 

amine to the silane. Phenylsilane (PhSiH3) showed relatively good reactivity with 79% 

conversion after 2 hours (Entry 6). It is worth noting that there was no further conversion 

after this point, suggesting side reactions could be taking place. A second reaction was 

carried out for PhSiH3 (Entry 7) and this reaction only reached 66% conversion. 29Si {1H} 

NMR spectroscopy showed a major signal at -23.9 ppm which is attributed to 151 (Fig. 

3.19), which is one of the products of DHC. A second signal was also observed at -0.5, 

but this could not be assigned. As this is the least bulky silane tested it would be expected 

that this would show the fastest hydrogenation of allylbenzene, based on sterics. The 

lower steric bulk could however lead to competitive DHC with release of dihydrogen, 

leading to lower conversion. From these results diphenylsilane was chosen as the hydride 

source as it showed the highest conversion over three hours.  

 

Figure 3.19 - DHC product observed when using phenylsilane 

The next variable to be optimised was catalyst loading (Table 3.7). Good reactivity was 

observed when the catalyst loading was reduced to 5 mol%. The reaction took five hours 

to reach greater than 90% conversion and after 24 hours the reaction showed a 

quantitative yield. When the catalyst loading was lowered further to 1 mol% the 

conversion only reached 70% after 24 hours. There also seemed to be little change in 

conversion between 2 and 3 hours. J-Young NMR tubes were used which could lead to 

poor mixing of the reagents as the tubes were not agitated. Further optimisation which 

investigated the effects of stirring were conducted to determine whether reactions could 

be performed at lower catalyst loadings. 
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Table 3.7 - Optimisation of catalyst loading for transfer hydrogenation using amines and silanes 

  Conversion (%) 

Entry 
Catalyst 
loading 
(mol%) 

1h 2h 3h 5h 24h 

1 10
 

58 86 97 -
 

Quant. 

2 5 33 59 71 91 Quant. 

3 1 5 10 12 19 70 

Reaction conditions: 0.25 mmol allylbenzene, 10 mol% 87, 0.25 mmol aniline, 0.25 mmol 
diphenylsilane, 0.5 mL C6D6, RT. 

 

Table 3.8 shows the results obtained for stirring optimisation. Reactions performed with 

10 mol% of catalyst showed a marginal increase from 97% (Entry 1) to 99% conversion 

(Entry 2). When a slight excess of amine and silane were used (1.04 equivalents) this 

became quantitative (Entry 3). At 5 mol% of catalyst a more significant effect was 

observed with an increase in conversion of 8% for the stirred reaction, although the 

reaction only reached 79% conversion during this time. The most drastic change was 

observed for 1 mol% with an increase in conversion of 20% but this result could also be 

due to inaccurate weighing of the catalyst as 1 mol% of the pre-catalyst weighs only 1.4 

mg. This error could be alleviated by performing the reactions with a standard solution. 

This led to the conditions used in Entry 3 as this had ensured complete conversion.  

 

Table 3.8 - Investigation of the effect of stirring on transfer hydrogenation using amines and silanes 

Entry  Catalyst loading (mol%) Stirring Conversion (%) 

1 10 No 97 

2 10 Yes 99 

3 10 Yes Quant.
a 

4 5 No 71 

5 5 Yes 79 

6 1 Yes 32 

Reaction conditions: 0.25 mmol allylbenzene, 10 mol% 87, 0.25 mmol aniline, 0.25 mmol 
diphenylsilane, 0.5 mL C6D6, RT, 3 hours.  
a
 0.26 mmol aniline, 0.26 mmol diphenylsilane. 

    
    

 Substrate scope 3.1.6.2.

Once the reaction was optimised (0.25 mmol substrate, 10 mol% 87, 0.26 mmol aniline, 

0.26 mmol diphenylsilane, RT, 3 hours) various substrates with terminal unsaturated 

bonds were tested (Scheme 3.14). The list of substrates can be found in Table 3.9. 

Volatile products were isolated by vacuum distillation and yields calculated against a 

known quantity of dichloroethane (DCE). Non-volatile products were passed through a 

short silica column, eluting the product with pentane to remove the silazanes generated.  
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Scheme 3.14 - General reaction procedure for the transfer hydrogenation of alkenes and alkynes 

using amines and silanes 

Table 3.9 - Substrate scope for terminal alkenes and alkynes 

Entry Substrate Product  Yield (%) 

1  
152 

 
153 

[68]
a
 

2  
123 

 
124 

[80] 

3  
125 

 
126 

[56]
a
 

4  
127 

 
128 

[70] 

5 
 

129 
 

130 

[60]
b 

6 
 

154 
 

155 

90
c 

7 

 
156 

 
157 

[85]
c 

8 
 

158 
 

159 

[27]
b,c 

9 
 

160 
 

161 

[32]
c
 

10  
162  

130 

[6] 

11 
 

163 

- - 

Reaction conditions: 0.25 mmol substrate, 10 mol% 3.1, 0.26 mmol aniline, 0.26 mmol 
diphenylsilane, 0.5 mL C6D6, RT, 3 hours. [ ] indicates a spectroscopic yield, calculated against an 
internal standard (DCE, 0.1 mmol, 7.9 µL) after vacuum distillation.   
a
 Average yield from three runs. 

b
 Average yield from two runs. 

c
 Reaction carried out for 24 hours. 
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As was seen for transfer hydrogenation using HBpin as the hydride source, the reaction is 

effective for unactivated substrates such as 123 (Entry 2, Table 3.9) and 152 (Entry 1, 

Table 3.9). For 152 great care must be taken when distilling the product due to its 

volatility. The highest yield for this reaction was 80% which is comparable to the yield 

obtained for 123. 152 was completely converted to 153 when the crude reaction mixture 

was monitored. For 125 (Entry 3, Table 3.9) the average yield of 126 was 56%, with the 

lowest yield being 46% and the maximum 65%. This crude reaction mixture was also 

subjected to 1H NMR spectroscopic analysis before distillation and multiple signals for 

other species can be seen. 126 is isolated cleanly by distillation, indicating the side 

products formed are non-volatile. These side products are not observed for the reaction 

with HBpin, indicating that this is likely a reaction with the silane. It has not been possible 

to isolate these side products so far. 127 (Entry 4, Table 3.9) was used for optimisation 

and isolation led to a good yield.  

 

Moving to more activated substrates the yields exhibit greater variation. 129 (Entry 5, 

Table 3.9) was isolated with an average yield of 60%. In one reaction 12% starting 

material was also present at the end of the reaction, suggesting that a longer reaction time 

may be needed to ensure complete conversion. For substrates 154/156/158/160 (Entries 

6-9, Table 3.9) poor conversions were observed after 3 hours and so these substrates 

were reacted for 24 hours. 154 and 156 both gave excellent yields when allowed to react 

for longer. 158 and 160 both gave poor yields with starting material also observed in the 

distillate for both reactions. There is also some evidence for side reactions occurring as 

when the reaction was performed with 158 after 24 hours large yellow single crystals were 

isolated. A low resolution structure analysis by single crystal XRD indicated that this was 

an Fe-Cl complex dimer bearing a nacnac ligand (164, Fig. 3.20) which has previously 

been isolated by Holland and co-workers.89 This suggests that in this reaction halogen 

abstraction of 158 can also take place. Monitoring the reaction of 158 in situ by 1H NMR 

spectroscopy does not show any other significant peaks which would explain formation of 

side products. This is being investigated further to determine what happens to the 

remaining substrate. 

 

 

Figure 3.20 - Structure of the complex isolated from reaction with 4-chlorostyrene (158) 
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Acetylenes were also tested for activity in transfer hydrogenation. 162 (Entry 10, Table 

3.9) underwent double hydrogenation to form 130, but the spectroscopic yield was only 

6%. For 163 (Entry 11, Table 3.9) no hydrogenation products were observed after 

filtration. This may be due to competitive reactions between the acetylene and the amine 

with the pre-catalyst. 162 is known to react with 87 to form an acetylene dimer (165, Fig. 

3.21). It has not been possible to characterise what the major species that forms in these 

reactions are, but it is evident that no starting materials are present as they would be 

readily isolated by vacuum distillation due to volatility.  

 

 

Figure 3.21 - Structure of the complex formed when 165 reacts with phenyl acetylene 

As HBpin had showed activity with substrates bearing internal amine functionalities, these 

were also tested with diphenylsilane. This was possible for substrates 135/147/167/169, 

the results can be found in Table 3.10. All substrates required longer reaction times but 

there is clean conversion to the intermediate silazanes (Scheme 3.15). For substrates 

147 and 169 a change in workup was required to cleanly isolate the products. The crude 

reaction mixtures were washed with HCl (1 mL, x 2) to hydrolyse the silazane and form 

the HCl salt of the product. An excess of aqueous NaOH was then added to the aqueous 

layer and the amine was back extracted with DCM. The crude product was then purified 

by passing through a small silica column with a DCM/pentane mixture. 168 was isolated 

by passing through two silica plugs with a DCM/pentane mix, it has not been tested with 

the alternate work up method. The lower yields for 147 and 169 are thought to be due to 

the lengthy isolation method. 135 could not be isolated using either method and so the 

reaction was monitored in situ to try and see if the intermediate silazane (171, Fig. 3.22) 

formed. The 1H NMR spectrum for the reaction of 135 was broad and it was not possible 

to distinguish any coupling patterns to identify the major species. A sharp singlet was 

observed at 5.08 ppm which is the region expected for the Si-H signal of diphenylsilane. A 

large signal at 0 ppm indicates the release of tetramethylsilane signalling successful 

catalyst activation. The hydrogenation for this substrate may not be possible via this 

method due to the bulk of the silane which could be blocked by the allyl group adjacent to 

the amine. 
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Table 3.10 - Substrate scope for substrates with internal amines 

Entry Substrate Product  Yield (%) 

1 
 

147 
 

166 

65 

2  
167 

 
168 

85 

3 

 
169 

 
170 

62 

4 
 

135 

- - 

Reaction conditions: 0.25 mmol substrate, 10 mol% 87, 0.26 mmol aniline, 0.26 mmol 
diphenylsilane, 0.5 mL C6D6, RT, 24 hours.  

 

 

Scheme 3.15 - General reaction procedure for the transfer hydrogenation of substrates bearing an 

amine functional group 

 

Figure 3.22 - Predicted structure of the intermediate for transfer hydrogenation of 135 

 Initial mechanistic studies 3.1.6.3.

To try and determine the mechanism, deuterium labelling studies were performed for a 

small number of substrates. Deuterated aniline was used as the source of deuterium and 

incorporation was determined by 1H and 2H NMR spectroscopy. The results from this can 

be found in Table 3.11. Scheme 3.16 shows the general reaction conditions and the 

labelling used in Table 3.11. 

 

Scheme 3.16 - General reaction scheme for the deuteration of alkenes using amines and silanes 
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Table 3.11 - Regioselectivity for deuterium incorporation using d2-aniline and diphenylsilane 

    
Deuterium incorporation 

(%) 

Entry Substrate Product 
Yield 
(%) 

C-1 C-2 C-3 

1  
123 

 
124-c 

92 100 0 0 

2  
127 

 
128-c 

72 100 0 0 

3 
 

129  
130-c 

-a 81 19 - 

Reaction conditions: 0.25 mmol substrate, 10 mol% 87, 0.26 mmol d2-aniline, 0.26 mmol 
diphenylsilane, 0.5 mL benzene, RT, 16 hours. Deuterium incorporation calculated from the 

2
H 

NMR spectrum. Yield calculated against an internal standard of DCE (0.1 mmol 4.9 µL). 
a
 Unable to calculate the yield accurately due overlap of a trace amount of d2-aniline. 

 

As was seen for transfer hydrogenation with HBpin and amines, the alkyl (123) and allyl 

(127) substrates show excellent selectivity. Using a silane appears to increase the 

selectivity, with no apparent deuterium incorporation at C-2. There is also no evidence of 

isomerisation observed in the 2H NMR spectra. For the aryl substrate tested (129), a loss 

in selectivity is observed, which correlates with the previous results (Chapter 3.1.2). 

Again, there is a 6% improvement in selectivity for the terminal position of 129 (75% with 

HBpin). 

 

Stoichiometric studies have also been trialled with 87 in the presence of 147 and a silane. 

148 was formed in situ before adding SiPh2H2. The 1H NMR spectrum shows similar 

features to those observed for the corresponding reaction with HBpin, suggesting that an 

iron alkyl species is formed. The 1H NMR spectrum expected would be similar as the Bpin 

or SiPh2H groups are remote from the nacnac, so would have very little effect on the NMR 

shifts for the ligand. The 1H NMR spectra of the reactions with HBpin and SiPh2H2 can be 

seen in Fig. 3.23. Both spectra share a component which is presumed to be 149 with the 

R group dependent on the hydride source used with the silane appearing to give a cleaner 

compound due to fewer peaks in the spectrum. 

 

 

Scheme 3.17 - Stoichiometric studies with 87, 147 and SiPh2H2 
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Figure 3.23 - 
1
H NMR spectra of the reactions of 147 with HBpin (bottom) and SiPh2H2 (top). 

Peaks present in both are highlighted 

These initial results have led to the proposed mechanism shown in Scheme 3.17. The 

mechanism is almost identical to the mechanism proposed for transfer hydrogenation with 

aniline and HBpin (Scheme 3.3, Chapter 3.1.1). Activation of the pre-catalyst is believed 

to go via protonolysis, leading to removal of tetramethylsilane and generation of an Fe-

amido species (143). This can react with an equivalent of silane, releasing a silazane and 

generating an Fe-hydride (111). 111 then reacts with an alkene, generating an Fe-alkyl. 

Release of the product is by protonolysis, regenerating 143. This fits with the observed 

regioselectivity as use of d2-aniline would lead to terminal deuteration. To confirm this the 

deuteration should also be carried out with deuterated silane. Gelation is also not 

observed in this reaction in contrast to the reaction of HBpin and n-butylamine. This is due 

to the absence of an empty p-orbital on the silane. 
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Scheme 3.18 - Proposed mechanism for the transfer hydrogenation of alkenes with amines and 

silanes 

  



110 
 

 Conclusions and future work 3.2.

This chapter has demonstrated that it is possible to use an easy to synthesise iron pre-

catalyst (87) to regioselectively deuterate both activated and unactivated substrates (Fig. 

3.24). This procedure does have limitations, for high selectivity the alkene must be 

adjacent to a methylene group. If the alkene is adjacent to an aryl group there is a loss in 

selectivity. The electronics of the aryl group also have a significant effect on the 

selectivity, with more EW substrates exhibiting lower selectivity. The proton source used 

for deuteration needs to be an amine; using an alcohol resulted in a product where no 

selectivity was observed. The alcohol also led to a small quantity of isomerisation. As only 

one alcohol was tested it is not known if this is a general trend or specific to this substrate, 

studies using other alcohols need to be carried out to confirm this.  

 

 

Figure 3.24 - Substrates used in deuterium labelling studies 

To support the deuterium labelling reactions complexes that could be deemed as 

intermediates in the process were synthesised in stoichiometric reactions and 

characterised by XRD to confirm their structures (Fig. 3.25). The complexes along with 

the computational results and deuteration studies have helped to determine a mechanism 

for the TH of alkenes with n-butylamine (Fig. 3.18). The difference in reactivity of the 

proposed intermediate complexes and the visual appearance of the reactions suggest that 

the mechanism of TH is strongly dependent upon the amine used, with aniline more likely 

reacting via a mechanism similar to the one shown in Scheme 3.3. 

 

Finally TH was shown to be possible using amines and silanes. This mitigates 

hydrofunctionalisation as hydrosilylation using 87 is not possible. This reaction is limited to 

alkenes but a wide range of substrates can be hydrogenated. Further work is needed to 

elucidate the mechanism but this may be possible to monitor by NMR spectroscopy as the 

reaction is slower than the reaction between amines and pinacolborane. The current 
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results from deuterium labelling suggest the proposed mechanism shown in Scheme 

3.17. The substrate scope should be widened to investigate electronic effects on 

regioselectivity as well as the effect of having an amine in the substrate being 

hydrogenated. This work could also be expanded to investigate alcohols as the proton 

source. 

 

 

Figure 3.25 - Complexes isolated 
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Chapter 4 - Base catalysed hydrophosphination 
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 Introduction 4.1.

 Hydrophosphination of unsaturated C-C bonds using bases 4.1.1.

Hydrophosphination (HP) is an atom economic method of synthesising alkyl or alkenyl 

phosphines by adding phosphines across an unsaturated bond, forming a new P-C bond. 

This process can be carried out at elevated temperature in the absence of catalyst and 

solvents (Scheme 4.1), as has been performed by Moglie et al,107 allowing for the 

selective synthesis of the kinetic Z-isomer from phenylacetylene and diphenylphosphine. 

The reaction can also be carried out in the presence of a catalyst, allowing for access to 

different isomers and regioselectivity, i.e. Markovnikov vs. anti-Markovnikov.88,108–110 The 

first example of transition metal (TM) catalysed HP of an unsaturated C-C bond was by 

Pringle and co-workers who synthesised P(CH2CH2CN)3 (172, Scheme 4.2) from 

acrylonitrile and PH3  using a platinum (0) catalyst bearing three equivalents of 172.111  

 

 

Scheme 4.1 - Examples of solvent and catalyst free HP by Moglie et al.  

 

Scheme 4.2 - Pt(0) catalysed HP of PH3 with acrylonitrile 

Prior to the use of TMs designed for HP, simple bases could be used to synthesise 

alkenyl phosphines. This reactivity was first reported by Aguiar and Archibald in 1966. By 

using stoichiometric amounts of LiPPh2 (173) with phenyl acetylene it was possible to 

synthesise vinylphosphines (Scheme 4.3).112 Interestingly, it was possible to modulate the 

isomer by addition of a primary or secondary amine into the reaction mixture, with addition 

of an amine leading to the formation of the Z-isomer (174-a). Absence of an amine led to 

the formation of the E-isomer (174-b). The stereochemistry of the products could be 

confirmed by independently synthesising the phosphines by reacting 173 with the 

corresponding bromoalkenes. It was also discovered during this study that addition of a 

second equivalent of 173 could lead to the formation the diphosphine 175, with the 

remainder of the product being 174-b (Scheme 4.3). To confirm if 173 was isomerising 
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174-a, 174-a was synthesised independently and reacted with an equivalent of 173. This 

led to isomerisation of 174-a as well as 175, confirming additional base can lead to the 

formation of the thermodynamic product. They also report reactivity of 173 with oct-1yne 

but do not specify the isomer obtained. 

 

 

Scheme 4.3 - Synthesis of E and Z vinylphosphines by Aguiar and Archibald 

 

Scheme 4.4 - Synthesis of a diphosphine by Aguiar and Archibald 

Following this work, Rockstroh and co-workers were able to use KPHPh to synthesise 

divinylphosphine 176 (Scheme 4.5).113 Again, stoichiometric quantities of the phosphide 

were used in the presence of phenylacetylene. This reaction had the possibility to form 

three isomers, Z/Z (176-a), E/Z (176-b) and E/E (176-c), however, the publication only 

contains melting point and IR data for the products and does not contain any crystal 

structures or NMR data to confirm the isomers. They report that when the synthesis is 

conducted using KPHPh containing dioxane that 176-b was the product formed. However, 

using KPHPh that was dioxane free led to the formation of 176-c. 176-a could be made by 

UV induced isomerisation of 176-b after several days of irradiation. 

 

 

Scheme 4.5 – Left, general reaction proposed by Rockstroh and co-workers. Right, the two other 

isomers that can form 
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The first example of catalytic hydrophosphination by using a base as a catalyst was in 

1967, where phenyl lithium (177) was used to synthesise phospholes from diynes 

(Scheme 4.6).114 The phosphine and base are mixed together and the diyne is added 

dropwise and the reaction proceeds at RT. This is followed by a distillation to purify the 

product. The procedure is extremely simple and hints that the previous synthesis of 

phosphines using stoichiometric quantities of phosphine salts could perhaps be performed 

with low loadings of strong bases.   

 

 

Scheme 4.6 - Base catalysed synthesis of a phosphole 

This has been proven to be the case by Bookham who has used potassium tert-butoxide 

(KOtBu) to catalyse the addition of diphenylphosphine (HPPh2) to internal alkynes.115–117 In 

the initial studies, diphenylacetylene (178) was reacted with two equivalents of HPPh2 with 

a catalytic quantity of KOtBu (179) to form the meso isomer (180, Scheme 4.7) and the E-

isomer (181) in a 5:2 ratio (180:181).115 The isomer of the diphosphine was determined 

from formation of the 13CO labelled molybdenum carbonyl complex of 182. The meso 

isomer leads to inequivalent axial CO environments, producing two signals in the 13C 

NMR spectrum. Interestingly, when a 1:1 reaction of phosphine and acetylene was tested 

the Z-isomer (183, Scheme 4.8) was also observed and by increasing the quantity of 

acetylene it they were able to make 183 in a moderate yield (51%). They discuss the 

mechanism where they state that using 183 as a starting material with one equivalent of 

HPPh2 leads to 180 and 181, whereas 181 only reacts slowly to form both 180 and the rac 

isomer (184). 181 could be reacted under much harsher conditions (142 °C, di-n-butyl 

ether, Scheme 4.9) to form both 180 and 184. 180 could also be isomerised to 184 in the 

presence of phosphine and 179 at elevated temperature.  

 

 

Scheme 4.7 - Left, synthesis of a meso-diphosphine from diphenylacetylene. Right, Molybdenum 

complex of the diphosphine, 180, to determine the isomer 
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Scheme 4.8 Products observed in a 1:1 reaction of 178 and HPPh2.  

 

Scheme 4.9 - Conditions for the synthesis of the rac-diphosphine, 184. Only one enantiomer of 

184 shown 

Following on from this work, Bookham and co-workers went on to investigate the addition 

of HPPh2 to unsymmetrical aryl alkynes (Scheme. 4.10).116 As would be expected, when 

substrate 185 was used the diphosphine was formed with a poor isolated yield (9%, 186) 

and when 188 was reacted only one phosphine was added (189). When 190 was used no 

reactivity was observed, even to the mono-addition product, highlighting the importance of 

substrate sterics in hydrofunctionalisation. Substrates 191 and 193 selectively formed the 

diphosphines (192 and 194). When 195 was used both the E (196-a) and Z-isomer (196-

b) were formed (40:60, 196-a:196-b). For all unsymmetrical alkene products (187, 189, 

196-a, 196-b) the phosphine was bonded next to the aryl group with the least bulk. The 

stereochemistry of the products are the same as the previous study, with 194 being the 

meso isomer and 186 and 192 assigned as the erythro isomers. The erythro isomers have 

two chiral centres that have different groups attached and the centres have the opposite 

chirality, one R, one S. 

 

 

Scheme 4.10 - Reactions of bulky/unsymmetrical alkynes with two equivalents of HPPh2. Only one 

enantiomer shown for the meso/erythro product. Brackets indicate the approximate molar 

proportion calculated from 
31

P NMR spectroscopy 

The final publication by Bookham looked at the corresponding reactivity with substrates 

bearing pyridyl or pyrimidyl groups (Scheme 4.11).117 For this procedure trimethylamine 

was added to the reaction as a co-solvent alongside a catalytic quantity of KOtBu. The 
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authors do not state why the conditions were altered for these reactions. One major 

difference in the reactivity seen with pyridyl/pyrimidyl substrates was that the meso (for 

symmetrical substrates) or erythro (for unsymmetrical substrates) were not formed 

exclusively, as was seen for bis(aryl) acetylenes. Another feature was that the in situ 

conversions were remarkably lower for the majority of the pyridyl/pyrimidyl substrates than 

for the aryl substrates (with the exception of 197, Scheme 4.11), with Ph2PPPh2 and 

mono-phosphine products also observed alongside the diphosphines. For most 

compounds in situ analysis was performed as it was not possible to split the 

diastereomers.  

 

 

Scheme 4.11 - Synthesis of a diphosphine with pyridyl groups. Only one enantiomer is shown for 

each diasteromer. 

 Synthetic routes to 1,1-diphosphines 4.1.2.

1,1-diphosphines, such as 1,1-bis(diphenylphosphino)methane (dppm), have shown to be 

effective ligands to aid TMs in catalysis and some are also commercially available.118,119 

The first reported synthesis of a 1,1-diphosphine was by Issleib et al. (Scheme 4.12), 

synthesising dppm from chlorodiphenylphosphine, sodium and dichloromethane (DCM).120 

In this method the sodium diphenylphosphide is generated in situ before the addition of 

DCM to this solution. It was discovered upon trying to prepare a dialkylphosphine 

derivative of dppm that this particular method formed P-P bonds rather than the desired P-

C bonds for both diethyl and dicyclohexylphosphides (Scheme 4.13). The solvents used 

in these reactions were diethyl ether and dioxane respectively.  

 

 

Scheme 4.12 - Synthesis of dppm from chlorodiphenylphosphine 

 

Scheme 4.13 - Formation of tetraalkyldiphosphines observed by Issleib et al. 
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The first 1,1-diphosphine with alkyl phosphines was synthesised utilising a very similar 

method by Hewertson and Watson (Scheme 4.14).121 To prevent the formation of 

tetraethyldiphosphine (198), the formation of lithium diethylphosphide (199) from 

chlorodiethylphosphine (200) was carried out in refluxing THF with excess lithium. It was 

also possible to form 199 from the reaction of 198 with lithium in refluxing THF. This could 

then be separated from the remaining lithium and DCM added dropwise with cooling 

forming the desired 1,1-diphosphine (201). This publication also stated a novel route to 

dppm starting from triphenylphosphine (Scheme 4.15). By adding triphenylphosphine to 

sodium in liquid ammonia NaPPh2 could be generated, alongside NaPh. The NaPh was 

destroyed upon addition of ammonium bromide and the NaPPh2 was then reacted with 

DCM to form dppm.  

 

 

Scheme 4.14 - Synthesis of 201 

 

Scheme 4.15 - Alternative synthesis of dppm from PPh3 

Similar methods employing strong bases can be used to form unsymmetrical 1,1-

diphosphines (Scheme 4.16).122 The first step in the synthesis of these diphosphines is 

the formation of a methyl phosphine from a chlorophosphine and methyl lithium. The 

methyl group of the phosphine can then be deprotonated using tBuLi to form a lithiated 

intermediate. This intermediate is then reacted with a further equivalent of phosphine 

chloride to form the diphosphine. This step-wise method allows for the synthesis of a vast 

range of phosphines as the chlorophosphines employed in each step can differ.  

 

 

Scheme 4.16 - General synthetic procedure for unsymmetrical diphosphines 
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Some of the above methods can also be adapted to form 1,1-diphosphines with 

substituted backbones, this was first shown to be possible by Nelson and co-workers 

(Scheme 4.17).123 By using 1,1-dichloroethane as the substrate in the presence of 

NaPPh2 it was possible to add simple functionality to the backbone, in this case a methyl 

group (202). Prior to this the same group were able to synthesise 1,1-diphosphines based 

on lutidine (203, Scheme 4.18) using phenyl lithium (177).124 The authors note that these 

ligands have the potential to bind in multiple conformations to metals through PP, PN or 

PPN coordination.  

 

 

Scheme 4.17 - Synthesis of a 1,1-diphosphine with a substituted backbone 

 

Scheme 4.18 - 1,1-diphosphine derived from lutidine 

The above methods are particularly dangerous and should be performed carefully as the 

reagents are all very reactive and in some cases highly toxic. For dppm, a more 

convenient synthesis has been published using CsOH·H2O (Scheme 4.19).125,126 Addition 

of 4 Å molecular sieves to the reaction which was performed in anhydrous 

dimethylformamide (DMF) scavenged water from the hydrate salt of the base and from the 

deprotonation of HPPh2 by the CsOH. They also used dibromomethane rather than DCM 

as the dihalide. Even though this is a safer method removal of DMF can be difficult as it is 

not very volatile. However, thorough washing is usually sufficient to extract the DMF. This 

method has been shown to be suitable for dialkylphosphines such as 

dicyclohexylphosphine.127 

 

 

Scheme 4.19 - Synthesis of dppm using CsOH·H2O 

It has also been possible to utilise hydrophosphination to form 1,1-diphosphines in the 

presence of a palladium template.128 The authors report using strongly electron 

withdrawing alkynes bearing either ketone or ester functionalities with a palladium 
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complex (204) and a catalytic quantity of triethylamine (Scheme 4.20). It was discovered 

that if an excess of triethylamine was used that the 1,2-diphosphine was formed instead. 

Even though this method is relatively straightforward there are some significant 

downsides. Firstly, as 204 is used as a template, a stoichiometric quantity of the complex 

is required to synthesise the phosphines. Secondly, to release the phosphine from the 

palladium an aqueous solution of potassium cyanide is required which is highly toxic. 

Finally, the substrate structure led to a strong variation in reactivity as it was not possible 

to synthesise the 1,1-diphosphine of ethyl propiolate independently (205, Fig. 4.1) as the 

1,2 product (206) was always formed alongside it.   

 

 

Scheme 4.20 - Palladium templated synthesis of a 1,1 diphosphine 

 

Figure 4.1 - Products formed when ethyl propiolate was used 

 Project aims 4.1.3.

The aims of this project were to develop a general catalytic method for the preparation of 

1,1-diphosphines. Strong bases have proven to be suitable catalysts for the 

hydrophosphination of phosphines with internal alkynes but their use with terminal alkynes 

has not been investigated. The structures of the phosphines were determined by single 

crystal X-ray diffraction (XRD) and the effects of the functional groups on the physical 

properties of the compounds were compared. Both primary and secondary phosphines 

were tested, where significant differences in reactivity were noted.  
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 Results and discussion 4.2.

 Divinylphosphines 4.2.1.

 Optimisation for the double hydrophosphination of phenyl 4.2.1.1.

phosphine 

This reaction was initially observed when trying to form an iron phosphinidene catalyst in 

situ for the mono-hydrophosphination of phenyl acetylene (Scheme 4.21). 

Characterisation of the major species showed that a divinylphosphine had formed (178, 

Scheme 4.22). From this fortuitous finding the reaction was initially trialled with an iron 

pre-catalyst (89) and several bases (Table 4.1, Entries 4-6), with the initial reaction using 

potassium hexamethyldisilazane (KHMDS, 207). During this process it was discovered 

that the iron was playing no part in the reaction as removal of the pre-catalysts still led to 

the divinylphosphine. To optimise, the reactions were performed in Schlenk flasks and 

once complete the crude samples were transferred to NMR tubes and a quantitative 31P 

NMR spectrum collected. The full optimisation data are given in Table 4.1. The values 

reported are the ratio of the signals observed.  

 

 

Scheme 4.21 - Left, initial reaction trialled. Right, structure of the pre-catalyst used 

 

Scheme 4.22 –Product observed when trying to form vinylphosphines 

 

Figure 4.2 – Possible isomers from the double hydrophosphination of H2PPh with phenyl acetylene 
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Table 4.1 - Optimisation for the synthesis of divinylphosphines. The reported values are calculated 

as a ratio of the signals observed in the 
31

P NMR spectra of the crude reactions. Visual  

representation of the isomers given in Fig. 4.2
 

     
Phosphorus signals (%) 

Entry 
Fe 

source 
Base Solvent 

Time 
(h) 

 176-c 
-17 ppm 

176-b 
-30 ppm 

176-a 
-44 ppm 

HPPh2 

-120 ppm 

1 89 207 C6H6 16 6 35 59 0 

2 89 207 THF 16 2 18 80 0 

3 89 207 MeCN 16 0 7 93 0 

4 89 207 MeCN 2 0 6 94 0 

5 89 208 MeCN 2 0 0 9 91 

6 89 209 MeCN 2 0 4 55 41 

7 None 208 MeCN 2 0 4 96 0 

8 None 209 MeCN 2 0 4 96 0 

9 None 207 MeCN 2 0 3 97 0 

10 None 179 MeCN 2 0 3 97 0 

Standard conditions: 0.5 mmol 162, 0.25 mmol H2PPh, 10 mol% Base, 5 mol% 89, 0.5 mL solvent, 
RT, 24 h. 

 

The first variable to be optimised was the solvent. The reaction was carried out in 

benzene (C6H6, Entry 1, Table 4.1), acetonitrile (MeCN, Entry 2, Table 4.1) and 

tetrahydrofuran (THF, Entry 3, Table 4.1). All solvents were rigorously degassed and 

dried prior to use to prevent oxidation/decomposition of all reagents used. With benzene, 

the least polar and coordinating solvent used, complete consumption of phenylphosphine 

was observed. However, there appeared to be very little selectivity in the products with all 

possible isomers observed with 176-a the major product (59%). Changing to more polar 

solvents led to a suppression of 176-c, with only minor quantities of 176-b. THF showed 

the greater proportion of the 176-b (18%) in comparison to MeCN (7%) and so MeCN was 

chosen as the optimal solvent. Initial reactions were carried out for 16 hours but it was 

found that this could be reduced to 2 hours to ensure complete conversion (Entry 4, 

Table 4.1).  

 

The effect of the cation was also deemed to be important and so lithium (208) and sodium 

HMDS (209) were also tested. When used in conjunction with the iron pre-catalyst there 

was a drastic change in reactivity. 208 was very ineffective, with just 9% conversion 

observed (Entry 5, Table 4.1). 209 led to an increase in 176-a but contained a small 

quantity of 176-b. The conversion was also relatively poor with 41% H2PPh remaining. 

Removal of the iron pre-catalyst yields comparable results for all bases (Entries 7-9, 

Table 4.1), indicating that the iron was hampering the reactivity of both 208 and 209. This 

suggests that the complexes were reacting with the HMDS salts which reduced the 

quantity available in solution to perform HP. It also means that the iron complex formed 

was not showing any reactivity for double HP with phenylphosphine at RT. The reactivity 
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of the HMDS salts with the iron pre-catalyst is unsurprising, it has previously been 

reported that an Fe(nacnac)Cl2 complex (89) can react with two equivalents of a lithium 

salt leading to formation of an Fe(II) complex (87, Scheme 4.23).129 In the case of the 

reaction with two equivalents of 207, complex 210 was formed and has been 

characterised by 1H NMR spectroscopy and is comparable to the reported data.130 This 

procedure is also much simpler than the previously reported synthesis which requires the 

reaction to be performed in the melt at high temperatures.  

 

 

Scheme 4.23 - Formation of Fe(II) complexes by reacting an Fe(III) pre-cursor with alkyl metal 

salts 

As mentioned in the introduction, reports in the literature have shown that potassium tert-

butoxide (KOtBu, 179) has shown activity for the hydrophosphination of non-terminal 

alkynes117 and so this was also investigated. Pleasingly, 179 gives comparable results to 

207 (Entry 10, Table 4.1) and so this can be used as an alternative catalyst to synthesise 

divinylphosphines.  

 

Another advantage of removing the iron from the reaction is that it was possible to monitor 

the reaction by colour. The reactions form pale yellow/colourless solutions, starting as an 

intense orange upon addition of all reagents. For 162, loss of the intense orange indicated 

that the reaction was complete. 

 

 Substrate scope for divinylphosphines 4.2.1.2.

A series of aryl acetylenes were subjected to the optimal conditions: acetylene (1 mmol), 

H2PPh (0.5 mmol), 10 mol% 207 and 1 mL of MeCN. Alkynes of varying bulk and 

electronic structures were chosen and most substrates tolerated the conditions well. 

Table 4.2 shows the substrate scope for this reaction. 
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Table 4.2 - Substrate scope for divinylphosphine synthesis 

Entry Substrate Product Yield (%) 
31

P shift (ppm) 

1 

 
162 

 

  
176-a 

70 -44 

2 
 

163 

 
211 

82 -44 

3 

 
212 

 
213 

79 -43 

4 
 

214 

 
215 

73 -44 

5 
 

216 

 
217 

72 -44 

6 
 

218 

 
219-a 

96
b
 -43 

7 
 

220 

- 67
a 

-28 

8  
221 

- - - 

9 
 

- - - 
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 222    

10 
 

223 

 
224 

Trace -17 

Standard conditions: 1 mmol Acetylene, 0.5 mmol H2PPh, 10 mol% 207, 1 mL MeCN, RT, 2 h.  
a
 Major product shown. Mixture of three compounds obtained. 

b
 Spectroscopic yield. Calculated against an internal standard of PPh3 (0.1 mmol). 

 

For aryl substrates bearing alkyl moieties (163, 212), substitution of the ring was well 

tolerated (Table 4.2, Entry 2/3) with no observable change in the selectivity of the 

isomers or yield of the products produced, even for the marginally bulkier meta-methyl 

derivative. For 176-a, a crystal suitable for XRD was obtained from crystallisation of a 

concentrated MeCN solution. The molecular structure is shown in Fig. 4.2 and confirmed 

as the Z,Z-isomer, relevant bond angles and distances are given in Table 4.3.. The C7-C8 

length was 1.327(4) Å and C15-C16 1.335(3) Å, both of which are in the region expected 

for alkenes (1.32 – 1.36 Å). In an ideal alkene bond angles would be expected to be 120° 

around the alkene. The crystal shows bond angles of 128.10(19)° (P1-C7-C8) and 

125.74(18)° (P1-C15-C16) for the phosphorous with respect to the alkenes and angles of 

131.5(2)° (C7-C8-C9) and 128.3(2)° (C15-C16-C17) for the phenyl rings with respect to 

the alkenes. Similar C-P lengths would be expected for the bonds between the alkene 

groups and the phenyl group to the phosphorus as all carbons are sp2 hybridised. 176-a 

shows a slight elongation of the bond to the phenyl ring with lengths of 1.841(2) Å (P1-

C1), whereas the length to the alkene groups were 1.813(3) Å (P1-C7) and 1.819(2) Å 

(P1-C15). 

 

 

Figure 4.3 - Structure of 176-a. Thermal ellipsoids shown at 50% probability. Protons, except 

alkene protons, have been omitted for clarity 
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Table 4.3 – Bond distances and angles for 176-a 

Distance (Å) Angles (°) 

C=C C7-C8 1.327(4) P-C-C P1-C7-C8 128.10(19) 

 
C15-C16 1.335(3) 

 
P1-C15-C16 125.74(18) 

P-C P1-C1 1.841(2) C-C-C C7-C8-19 131.5(2) 

 
P1-C7 1.813(3) 

 
C15-C16-C17 128.3(2) 

 
P1-C15 1.819(2) 

   
 

When varying the electronic structures of the acetylenes, no change in selectivity was 

observed for either the para-fluorophenyl (214) or para-methoxyphenyl (216) acetylenes, 

both gave the Z/Z product in comparable yields to 176-a. However, a change in selectivity 

was observed when para-trifluoromethyl phenyl acetylene (218) was used. In this case a 

mixture of the Z/Z (219-a), E/Z (219-b) and E/E (219-c) products were formed in a 51:40:9 

ratio (Scheme 4.24). The CF3 group is more strongly electron withdrawing in comparison 

to para-fluoro, which may explain the selectivity observed. 

 

 

Scheme 4.24 – Products formed from 218 

The effect of strongly electron withdrawing acetylenes forming mixtures of isomers is 

further supported by the use of 2-ethynylpyridine (220) as a substrate. After two hours, 

three species are observed, which is comparable to 218. A spectroscopic yield was 

calculated and the three species account for 67% uptake of H2PPh. The 1H NMR 

spectrum was difficult to interpret when C6D6 was used but if the 1H NMR spectrum was 

collected in d3-MeCN alkenyl peaks can be observed. Complete assignment of the 

compounds is not possible due to substantial overlap of the peaks.   

 

Several non-aryl substrates were also tested for double HP activity. When both pentyne 

(221) and trimethylsilylacetylene (222) were tested no reaction was observed under the 

optimised conditions. The reactions were also performed at an elevated temperature of 60 

°C which did not yield the divinylphosphines. Both reactions show complex mixtures of 
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multiple species that cannot be confidently assigned. These substrates were not pursued 

any further. 

 

When the reaction was carried out with propiolates, which show reactivity with HPPh2 to 

form 1,1-diphosphines (Chapter 4.2.3), the solution rapidly darkened forming a dark 

brown/orange solution. For methyl propiolate (223) 1H and 31P NMR spectra have been 

collected, confirming that the Z/Z divinylphosphine (224) was present in trace quantities. A 

second isomer was also present but it has not been possible to determine if it is the E/Z or 

E/E-isomer. There appears to be signals for the unknown compound overlapping with the 

Z/Z product but identification was not possible due to the quantity of the second isomer. 

Reliably synthesising and isolating 224 has not been possible. Attempts to synthesise 224 

at low temperature yielded trace quantities of the divinylphosphine along with a large 

number of species that have not been characterised. 

 

 1,2-Diphosphines 4.2.2.

 Optimisation of 1,2-dihydrophosphination 4.2.2.1.

As the reaction of acetylenes with H2PPh had proven to be successful the reaction was 

also trialled with diphenylphosphine (HPPh2). A short optimisation was carried out based 

upon the conditions for the formation of the divinylphosphines. There were several 

products observed in the reaction which are shown in Scheme 4.25.  

 

 

Scheme 4.25 – Reaction of 162 with diphenylphosphine. All products observed are shown 

Table 4.4 - Results for the optimisation of 1,2-diphosphines. The reported values are calculated as 

a ratio of the signals observed in the 
31

P NMR spectra of the crude reactions
 

     Phosphorus signals (%) 

Entry 162  
207 

(mol%) 
Solvent 

Volume 
(mL) 

225 
-2.66/  
-21.35 
ppm 

226 
-3.9 
ppm 

174-b 
 -11.5 
ppm 

HPPh2  
-40.6 
ppm 

1 0.25 mmol 10 MeCN 1 62 9 16 8 

2 0.5 mmol 10 THF 2 23 - 32 27 

3 0.5 mmol 10 MeCN 2 77 13 3 0 

4 0.5 mmol 15 MeCN 2 92 2 3 0 

5 0.5 mmol 20 MeCN 2 93 1 1 0 

Standard conditions: 2 eq HPPh2, RT, 24 h. 
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When the two equivalents of HPPh2 were reacted with 162 for 24 hours with 10 mol% 207 

in 1mL of MeCN the major product observed was the 1,2-diphosphine (225, Entry 1, 

Table 4.4) which has been previously synthesised by several methods.131–134 A switch to 

THF shows a significant suppression of the 225 and generation of more vinylphosphine 

174-b (Entry 2, Table 4.4). Increasing the volume of MeCN from 1 to 2 mL increased the 

amount of 225 along with 226 (Entry 3, Table 4.4). The reaction could be further directed 

to the 1,2-diphosphine by increasing the catalyst loading (Entry 4/5, Table 4.4) with 15 

mol% being chosen as the optimal catalyst loading as there was little improvement 

between 15 and 20 mol% of base.  

 

 Substrate scope for 1,2-diphosphines 4.2.2.2.

Several substituted acetylenes were reacted under the optimised conditions (Scheme 

4.26): acetylene (0.5 mmol), HPPh2 (1 mmol), 207 (15 mol%) in MeCN (2 mL). All 

reactions were analysed in situ, and spectroscopic yields were obtained by quantitative 

31P NMR spectroscopy.  No products were isolated, except for 225. The results are shown 

in Table 4.5. Structures of the compounds that could be characterised are shown in Fig. 

4.4.  

 

Table 4.5 - Substrate scope for the synthesis of 1,2-diphosphines 

  

Spectroscopic yield (%) 

Entry Substrate 1,2-diphosphine E-alkene Z-alkene 

1 
 

162 

225 
92 (79)

a - - 

2 
 

163 

227 
49 

228 
26 

- 

3 

 
212 

229 
59 

230 
22 

- 

4 
 

216 

231 
20 

232-b 
64 

232-a 
3 

5 
 

218 

- 
233 
90 

- 

Standard conditions: 0.5 mmol Acetylene, 1 mmol HPPh2, 15 mol% 207, 2 mL MeCN, RT, 24 h.  
a
 Isolated yield in parenthesis. 
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Scheme 4.26 – General reaction scheme for 1,2-dihydrophosphination 

 

 

Figure 4.4 - Structures of the products characterised using the optimised reaction conditions 

Altering the electronics of the acetylene had a much more profound effect on the 

reactivity. When a strongly electron donating substituent, such as a methoxy group, is 

placed on the acetylene (216, Entry 4, Table 4.5) there is a sharp reduction in the 

quantities of 1,2-diphosphine (20%) formed. The main component of the reaction mixture 

is the E-alkene which is formed in a 64% yield. The reduction in 1,2-diphosphine may be 

due to an increase in electron density of the double bond, leading to repulsion of a second 

equivalent of the phosphide. The reduction in yield is more profound when using 218 

(Entry 5, Table 4.5) as no 1,2-diphosphine was observed, the main species was the E-

alkene (233, 90%) instead.  

 

To try and understand the first addition of the phosphine a 1:1 reaction was performed 

with 162 and HPPh2 containing 10 mol% 207. The 31P NMR spectrum indicates that for 

162 the major product is the Z-isomer (174-a, 93%, Fig. 4.4). This does not fit with the 

observed distribution of products for 163/212/216/218 as only 7% the E-isomer formed for 

162, which is substantially less than the substrates 163/212/216/218. For 212, sterics 

could be leading to the switch in reactivity to try and reduce the interaction with the methyl 

group. This cannot be the case for 163, 216 and 218 as substitution of the para position 
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has minimal interactions with groups reacting with the alkyne moiety. This must mean that 

changes to the electronic structure are dictating the isomers. For the uncatalysed HP of 

alkynes the major product is the Z-isomer,107 as the only other reagent in this reaction is 

207 this eludes to it altering the selectivity. Aguiar and Archibald have shown previously 

that 174-a can be isomerised to 174-b in the presence of LiPPh2 (173).112 The active 

species in this reaction is proposed to be KPPh2. Further reactions with different 

substrates are required to fully understand why the distribution for 162 appears to be 

different and whether isomerisation of the kinetic to thermodynamic product is appreciably 

fast, possibly showing that this reaction was quenched prior to Z/E isomerisation taking 

place.  

 

 

Figure 4.5 - 
31

P NMR spectrum of a 1:1 reaction between 162 and diphenylphosphine with 10 

mol% 207. Reaction in MeCN 

 1,1-Diphosphines 4.2.3.

 Optimisation for 1,1-dihydrophosphination 4.2.3.1.

Previous work within the group had shown the formation of 1,1-diphosphines was possible 

using Fe(HMDS)2 and carbonyl-containing acetylenes (unpublished). This led to the 

postulation that KHMDS (207) could be used as an alternative, commercially available 

catalyst for the reaction. Using the optimal conditions for the synthesis of 

divinylphosphines a trial reaction was performed with ethyl propiolate (234), resulting in 

the formation of a 1,1-diphosphine (205, Scheme 4.27). The reactions were performed at 

RT in MeCN with 10 mol% 207, two equivalents of HPPh2 and one equivalent of 

acetylene. Initial trials were left overnight but it was discovered that the reaction time could 

be reduced to 6 hours.  

 

174-b 

174-a 
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Scheme 4.27 - Initial test conditions for 1,1-diphosphine synthesis 

To confirm whether these reactions required a base, blank reactions were performed to 

confirm the validity. For propiolates, a small amount of conversion to the 1,1-diphosphine 

is observed (7%, 16 hours) in the absence of 207. A large proportion of the alkyne is 

converted to the E- and Z-(diphenylphosphaneyl) ethyl acrylates (235-a, 235-b) under 

these conditions (49%, mixture of E/Z-isomers, Scheme 4.28).  

 

 

Scheme 4.28 - Blank reaction for ethyl propiolate (no base) 

A screening of different bases was performed to see if the strength of the base could be 

reduced (Table 4.6). It also allowed the effect of the cation/anions to be monitored. As the 

reaction had shown it progressed in the absence of a base, the weak bases potassium 

carbonate (K2CO3) and triethylamine (NEt3) were tested. After six hours both showed poor 

conversion to the desired species, along with the formation of 235-a/b. Increasing the 

strength of the base to tert-butoxides (Na, 236; K, 179) or hexamethyldisilazanes (Li, 208; 

Na, 209; K,207) allowed for quantitative conversions at 10 mol% to 205, with the 

exception of LiHMDS (208) which only proceeded to 51%. For the bases showing 

quantitative conversion the catalyst loading could be reduced to 1 mol%, with excellent 

conversions still achieved. 

 

When a similar screen was trialled for 3-ethynylpyridine using 179, 207 and 236, a switch 

away from 207 to these other bases, which produced high yields of 1,1-diphosphine 

product for 234, led to the formation of multiple side products. As the aim was to develop 

a general method for the synthesis of 1,1-diphosphines the optimal conditions were as 

follows: KHMDS (207, 10 mol%), acetylene (0.5 mmol), HPPh2 (1 mmol) in MeCN (1 mL). 

Full details of the optimisation process have been published.135 
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Table 4.6 - Base screening for 1,1-diphosphines 

Entry Base Cat. loading (mol%) 
Conversion to 205 (%) 

1 h 6 h 

1 NEt3 10 - 15 

2 K2CO3 10 - 48 

3 236 10 53 100 

4 179 10 56 100 

5 208 10 47 51 

6 209 10 70 100 

7 207 10 72 100 

10 236 1 43 93 

11 179 1 48 95 

12 208 1 - - 

13 209 1 51 93 

14 207 1 49 92 

Standard conditions: 0.5 mmol 234, 1 mmol HPPh2, 1 mL MeCN. RT. 
Conversion calculated from the 

31
P NMR spectrum using an internal standard (PPh3, 0.05 mmol). 

 

 Substrate scope for 1,1-diphosphines 4.2.3.2.

To test whether the carbonyl was determining the regioselectivity of the insertion into 

ethylpropiolate (234), a series of alkynes bearing amide, ester and ketone functionalities 

were synthesised and trialled under the optimal conditions. A full list of substrates can be 

found in Table 4.7. During this study pyridines and imines were also investigated. 

Substrates 240/242/244/246 were synthesised using a simple DCC coupling to propiolic 

acid and purified by column chromatography. The synthesis of 250 and 252 are discussed 

in this chapter. Imines 259/261/263/265 were synthesised in 4 steps. Firstly, the 

corresponding amides for each imine were synthesised before rearrangement to the 

imidoyl chlorides with PCl5 or SOCl2. Trimethylsilylacetylene was coupled to the imidoyl 

chlorides using a palladium coupling reaction. The final step involved deprotection of the 

acetylene with K2CO3 to remove the trimethylsilyl group. Full experimental details can be 

found in Chapter 6.3. 
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Table 4.7 - Substrate scope for the double terminal HP reactions 

Entry Substrate Product 
Isolated 
yield (%) 

31
P shift 
(ppm) 

1 
 

223 
 

237 

86 -6.6 

2 
 

234 
 

205 

79 -6.3 

3 
 

238 
 

239 

75 -5.0 

4 

 
240 

 
241 

59 -5.9 

5 

 
242 

 
243 

88 -6.2 

6 

 
244 

 
245 

86 -5.3 

7 

 
246 

 
247 

62 -6.6 

8 
 

248 
 

249 

94 -6.2 

9 
 

250 
 

251 

3
a 

-5.9 

10 

 
252 

 
253 

64
a 

-6.0 

11 
 

221 
 

254 

92 -6.2 

12 
 

255  
256 

85 -4.9 
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13 
 

257  
258 

74 -10.0 

14 

 
259 

 
260 

44 -7.4 

15 

 
261 

 
262-a 

54
b
 -2.5 

16 

 
263 

 
264-a 

57
b
 -3.0 

17 

 
265 

 
266 

-
c 

-3.6 

Standard conditions: 0.5 mmol substrate, 1 mmol HPPh2, 10 mol% 207, 1 mL MeCN, RT, 6 h. 
a
 Reaction carried out at -78 °C and allowed to warm to RT and stir for 6 hours. 

b
 Major product shown, other products obtained. See Fig. 4.13 for other products characterised. 

c
 Not isolated. 

 

The first series to be tested were the propiolates. As can be seen in Table 4.7 (Entries 1-

4), relatively high yields are obtained for all alkyl propiolates (223/234/238), with a loss in 

yield for the aryl propiolate (240). Compounds 205/237/239 are isolated as white/off-white 

solids after minimal purification, with tert-butyl propiolate taking several days to solidify, 

even after being left under a high vacuum for an extended period of time. 241 required a 

more thorough workup: the crude product was mounted on to alumina and the phosphine 

was washed away with petroleum ether or pentane. The product was then eluted with a 

25:75 mix of DCM with petroleum ether or pentane. This product was isolated as a pale 

orange solid indicating that there may be traces of polymeric impurities; presumably the 

colour could be due to the extended conjugation of the polyacetylene. 241 is isolated in a 

lower yield (59%) than 205/237/239, which is further evidence for side reactions occurring 

with this substrate.  

 

A crystal structure has been obtained for 205 (Fig. 4.6, thanks are given to K. Gallagher 

for data collection) confirming the presence of both phosphorus substituents on the 
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terminal carbon. The bite angle, the angle between the two phosphorus atoms, was 

103.60(7)° (P1-C25-P2). C-P bonds between P1-C25 and P2-C25 were found to be 

1.8661(14) Å and 1.8845(14) Å respectively. The C25-C26 distance was 1.5311(18) Å, 

consistent with the length expected for a C-C single bond. Comparisons of the XRD 

structure for 205 with the other analogues synthesised can be found in Chapter 4.2.3.3. 

All products have a distinct multiplet in the 31P NMR spectrum between -5 and -7 ppm 

which is usually observed as a broad singlet. Interestingly, the 31P signal for 239 (-5.0 

ppm) is shifted from 205 and 237 (-6.3 and -6.6 ppm respectively). A suggestion for this is 

that the tBu group has greater electron donation in comparison to 205 and 237 or the 

greater steric bulk leads to poorer orbital overlap in the π-system in the ester, leading to 

greater σ character. As well as distinctive 31P NMR signals, a phenomenon known as 

virtual coupling is observed in the 13C{1H} NMR spectrum. Virtual coupling is an effect that 

is commonly observed in transition metal complexes bearing phosphine substituents.136 A 

common laboratory compound where this effect can be observed is 1,2-

bis(diphenylphosphino)ethane (dppe), however, it was not initially understood why this 

effect is observed.137 For the aryl carbons of the diphenylphosphine substituents, this 

results in apparent triplets for the ipso, ortho and meta carbons (Fig. 4.7). This is further 

evidence of the two phosphorus groups being in close proximity to each other as this 

phenomenon only occurs when the P-P coupling is large. 

 

 

Figure 4.6 - Structure of 205. Thermal ellipsoids shown at 50% probability. Protons, except the 

methylene and methine protons, have been omitted for clarity 
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Figure 4.7 - Aromatic region of the 
13

C{
1
H} NMR spectrum for 205. Triplets shown are due to 

virtual coupling caused by close proximity to a phosphorus atom 

The substrate scope was expanded to amides, where primary, secondary and tertiary 

amides have been tested. For primary and tertiary amides excellent yields were observed 

(242, 244, 248, 88-94%), however, for the secondary amide tested a drop in the yield was 

observed (246, 62%). A suggestion for this loss in yield is due to competitive 

deprotonation of the N-H of the substrate and the phosphine leading to the reaction being 

incomplete, as is seen by the presence of HPPh2 in the 1H and 31P NMR spectrum of the 

crude product. The amide products were purified in an analogous manner to 241. The 

products were eluted with a 50/50 mix of DCM with petroleum ether or pentane after 

washing the remaining HPPh2 from the crude product. The products have 31P NMR 

spectroscopic signals comparable to the propiolate products, with the bulkier product 

(245) yielding a value closer to that of 238 (-5.3 ppm, 245; -5.0 ppm 238). Virtual coupling 

is also observed for these compounds in the 13C{1H} spectrum. A crystal suitable for XRD 

of 245 was obtained by slow evaporation of an MeCN solution and the structure can be 

seen in Fig. 4.8. The bite angle for 245 was 99.42(7)° with P-C lengths of 1.8885(15) Å 

(P1-C3) and 1.8660(14) Å (P2-C3). The length of the C2-C3 bond was 1.5297(19) Å, 

which is again consistent with a C-C single bond.  

 

As it appeared that a carbonyl adjacent to the alkyne was imperative to the reactivity 

observed, alkynes bearing ketones were also investigated. The synthesis of these 

particular substrates was relatively challenging as the oxidation of the alcohol using 

activated MnO2 (Scheme 4.29) was dependent upon the quality of the reagent.138 When 

activated MnO2 was used a yield of 27% was obtained for 250 while the phenyl derivative 

(252) fared slightly better with a 40% yield. To try and improve upon these relatively poor 

yields a Jones oxidation139 was used which had shown success within the literature 

(Scheme 4.29).140 The draw backs of this particular method is that it uses highly toxic 

Cr(VI), but the reaction is very robust and gives the products cleanly. The substrates were 

purified by distillation and the products were isolated in very good yields (251, 81%; 253, 

80%). 

Cipso
 

Cortho
 

Cmeta
 

Cpara
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Figure 4.8 - Structure of 245. Thermal ellipsoids shown at 50% probability. Protons, except the 

methylene and methine protons, have been omitted for clarity 

 

 

Scheme 4.29 - Left, attempted oxidation with MnO2 leading to poor yields. Right, Jones oxidation 

The ketones had mixed success with 1,1-dihydrophosphination. Both substrates were 

subjected to the optimal reaction conditions, with the crude reaction mixtures showing the 

formation of new phosphorus species with 31P NMR spectroscopic shifts of -5.9 ppm (251) 

and -6.0 ppm (253). Upon initial attempts to purify reactions both compounds were 

isolated as intensely coloured oils. The intense colour of the crude product is thought to 

be due to oligomeric by-products but this material has not been successfully 

characterised. When 253 was left for two days in a glove box, large colourless crystals 

formed. These crystals were suitable for XRD and the structure is given in Fig. 4.9. For 

253, the bite angle was 105.74(8)° (P1-C1-P2). C-P distances were found to be 

1.8726(17) Å (C1-P1) and 1.8624(18) Å (C1-P2). The distance between the methine and 

methylene carbons was 1.537(2) Å.  
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Figure 4.9 - Structure of 253. Thermal ellipsoids shown at 50% probability. Protons, except the 

methylene and methine protons, have been omitted for clarity 

To improve the yield of 253 the reaction was carried out by cooling a solution of diphenyl 

phosphine and KHMDS in a bowl of dry ice. To this, a solution of 253 was added dropwise 

and the reaction allowed to slowly warm to RT. The purification of the crude product was 

repeated in the manner that was used to purify 241, using a 20:80, DCM:pentane mixture 

to elute the product. This led to the isolation of a pale orange solid with a 64% yield. 1H 

and 31P NMR spectroscopic data showed that the compound obtained was pure, as did 

mass spectrometry. The colour is thought to be due to trace amounts of oligomeric 

species that are not detectable by NMR. As the isolated yield for the reaction is only 64% 

the formation of oligomers presumably account for the reduction from a quantitative yield. 

 

251 is much more difficult to isolate. Even when the reaction is carried out at low 

temperature the maximum conversion observed is only 15%. After purification a yield of 

3% is obtained. The side reactions for this substrate seem to be more favourable than for 

253. This may be due to the greater electron density at the alkyne due to the electron 

donating alkyl group.  

 

Another class of compounds that were studied were alkynes bearing pyridyl substituents. 

The initial thoughts behind this were that this reaction required a lone pair to direct where 

the second addition of ‘-PPh2‘ occurred, perhaps stabilising an intermediate in the catalytic 

cycle (Fig. 4.10). The first substrate to be tested was 2-ethynylpyridine (221) as the lone 

pair would be situated in a similar position to those found in the carbonyl containing 

substrates. When carried out, a new species was observed with a signal at -6.2 ppm. 

Isolation and further characterisation of this species showed that it was the desired 1,1-

diphosphine, 254. 
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Figure 4.10 - Representation of a potential intermediate in the catalytic cycle 

To prove whether this was an effect of the lone pair or if it was the electronic structure that 

was dictating this reactivity both 3-ethynyl (255) and 4-ethynylpyridine (257) were tested. 

If the reactivity was due to the position of the lone pair then 257 should not form 1,1-

diphosphine as the lone pair is para to the alkyne, and so unable to stabilise an 

intermediate with an intra-molecular interaction. For 255, it was thought the formation of 

the 1,1-diphosphine would be unlikely due to the lone pair pointing away from the alkyne 

group. Surprisingly, all of the pyridyl substrates react, all yielding 31P spectroscopic signals 

in the region that would be expected for 1,1-diphosphine products (256, -4.9 ppm; 258, -

10 ppm). Unfortunately, a crystal structure has not been obtained for any of the pyridyl 

products as they all yield tacky oils at RT. This indicates that it is the electronic structure 

of the substrates that is determining the reactivity. 

 

A selection of imines were also chosen to carry out this reaction as they are the nitrogen 

equivalent of ketones. The substrates tested so far were all strongly electron withdrawing 

and it was believed that imines would also be able to form 1,1-diphosphines. The first 

imine to be tested was 259. Upon completion of the reaction the product gave a signal at  

-7.4 ppm in the 31P NMR spectrum which would suggest that a 1,1-diphosphine had 

formed. The 1H NMR spectrum showed unusual signals when compared to the spectra for 

the previous compounds (Fig. 4.11). The distinct triplet of doublets and triplet were not 

observed; in its place was a broad singlet (4.15 ppm), a doublet (4.27 ppm) and doublet of 

triplets (5.12 ppm). To determine the structure a 13C{1H} NMR spectrum was obtained 

along with the corresponding 2D spectra (HSQC and HMBC). In the HSQC spectrum the 

peak at 4.15 ppm in the 1H spectrum did not correlate to any of the carbon signals, 

suggesting that a NH bond was present. A new triplet was also observed at 115.5 ppm in 

the 13C{1H} spectrum, which is the region signals for alkenes would be expected. This was 

coupled with a loss of the triplet associated to the methylene carbon between 30-40 ppm 

of the 13C{1H} spectrum. Mass spectrometry showed that the species obtained had a 

parent ion consistent with the expected 1,1-diphosphine. This led to the proposition that 

this product undergoes tautomerisation to the enamine form. A single crystal was obtained 

and the structure determined by XRD (Fig. 4.12) confirming that the product had 

tautomerised, yielding 260. This was demonstrated by the short C2-C3 of just 1.341 Å, 

which is consistent with the length for a double bond. In comparison the C1-C2 length is 

1.495(2) Å, much closer to the length expected for a single bond. The P-C bonds were 
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1.8717(16) Å (C1-P1) and 1.8776(16) Å (C1-P2). The P1-C1-P2 angle was 108.53(7)°, 

the largest of all the crystallised compounds. 

 

 

Figure 4.11 - 
1
H NMR spectra for 1,1-diphosphines. Bottom, 205. Middle, 245. Top, 260. 260 

shows an absence of a triplet and doublet-of-triplets seen in the other substrates 

 

Figure 4.12 - Structure of 260. Thermal ellipsoids shown at 50% probability. Protons, except the 

alkene, methine and NH; have been omitted for clarity. Solvate of crystallisation (MeCN) is not 

shown 

When imine substrates bearing alkyl groups were trialled in the 1,1-dihydrophosphination 

reaction, some interesting results were obtained. The use of alkyl imines 261 or 263 (Fig. 

4.13) results in a mixture of products. For 261 two species are observed in a 76:24 

mixture (262-a:262-b, Fig. 4.13) after working the reactions up. For 263 three species are 

observed, 264-a, 264-b and 264-c (Fig. 4.13). Analysis of both the crude and isolated 

mixtures of these compounds shows a change in the composition of the mixtures Table 

4.8. On the first attempt of the reaction, prior to filtration, the products were observed in a 

ratio of 17:64:20 (264-a:264-b: 264-c). After filtration through an alumina plug the 

products were observed in a ratio of 70:23:7 (264-a:264-b:264-c) with a yield of 57%. It is 

NH 
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worth noting that some impurities are removed upon filtration as is evidenced by the loss 

of colour from the initial solution which also accounts for some of the loss in yield. These 

particular substrates are also relatively sensitive and oxidise in air if left in solution for 

prolonged periods. The workup is carried out in air and so the products may also oxidise 

while filtering. An explanation for the shift in ratios is that the alumina may be causing 

tautomerisation to occur. Another explanation is that exposing the samples to air was 

causing the tautomerisation as all work ups were carried out in air. The crude ratios were 

collected from samples under an inert atmosphere.  

 

 

Figure 4.13 – Structures of 261 and 263 along with the products observed for both substrates 

Table 4.8 - Results for the tautomerisation monitoring of 263 

 
 Run 1, 

31
P Ratios Run 2, 

31
P Ratios  

 
264-a 264-b 264-c 264-a 264-b 264-c 

Crude 17 64 20 6 51 44 

1st 
Filtration 

70 23 7 64 30 7 

2nd 
Filtration 

- - - 75 18 7 

Standard conditions: 0.5 mmol substrate, 1 mmol HPPh2, 10 mol% KHMDS, 
1 mL MeCN, RT, 6 h. 

 

An attempt was made to monitor whether the alumina was causing tautomerisation. 

During this attempt it was observed that multiple filtrations of the products from 263 shifted 

the ratio of the observed products towards 264-a (Run 2, Table 4.8). This suggests that 

the alumina could be facilitating the tautomerisation but as the reactions were filtered in air 

this possibility cannot be ruled out.  
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The effect of isomerisation on filtration for 262-a/b has shown no correlation. In run 1 a 

large change in ratio was observed after the first filtration from 61:39 (262-a:262-b) to 

80:20. When run 2 was carried out there was no change in the ratio observed after 

filtration with a ratio of 76:24 (262-a:262-b) observed for both the crude and filtered 

products. Ideally a third run would be carried out to confirm whether isomerisation occurs 

but synthesis of the starting materials is not trivial and so this has not been confirmed. 

 

When 265 was reacted, which bears a tert-butyl group on the carbon of the imine group, 

analogous reactivity was observed to 259, yielding the enamine product. Upon completion 

of the reaction a number of other species were observed between -10 and -20 ppm in the 

31P NMR spectrum. Compound 266 was assigned from the crude mixture but could not be 

separated from the other species present. Mass spectrometry has also confirmed that 266 

is a component of the mixture. The 1H spectra of the other species observed show 

alkenyl-like protons, suggesting that these were formed from mono substitution of 265. A 

spectroscopic yield of 37% was obtained when the crude mixture was analysed against an 

internal standard. For this particular substrate it appears multiple side reactions are 

occurring as is evidenced by the poor spectroscopic yield. 

 

 Structural comparison of 1,1-diphosphines 4.2.3.3.

As several structures have been collected a comparison of their physical properties was 

conducted (Fig. 4.14, Table 4.9). The most important feature of these phosphines is the 

bite angle. For the commercially available dppm the P-C-P angle is 106.41(11).141 The 

diphosphines synthesised show a range of P1-C-P2 angles from 99.41(7)° to 108.53(7)°. 

The amide 245 has the smallest bite angle, as this has the most substituents around the 

groups adjacent to the carbonyl this suggests the steric bulk is causing the reduction of 

the angle. Both 205 and 253 show values within the same region as dppm with angles of 

103.60(7)° and 105.75(8)° respectively, both structures can arrange themselves in a way 

that reduces interaction with the phosphines. The largest angle is observed for the 

enamine 260, which is the only tautomerised example, although it is still comparable to 

dppm.  

 

Figure 4.14 - Graphical representation of the distances/angles reported in Table 4.9 
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Table 4.9 - Selected bond lengths and angles for the crystallised diphosphines  

 
P1-C-P2 
angle (°) 

Average P-C 
length (Å) 

CH-CH2 
length (Å) 

CH-CO 
distance (Å) 

dppm 106.41 (11) 1.856(2) - - 

205 103.60(7) 1.8754(14) 1.5310(18) 2.557(2) 

245 99.41(7) 1.8773(15) 1.5297(19) 2.537(2) 

253 105.75(8) 1.8677(18) 1.537(2) 2.560(2) 

260 108.53(7) 1.8747(16) 1.495(2)
a
 2.531(2)

b 

a
 CH of methine to CH of alkene. 

b
 CH is the methine, CO is CN. 

 

To confirm whether sterics were determining the bond angles the distance between the 

methine group and the carbonyl groups were investigated. For 260 the equivalent 

distance from the methine to the imine was determined. The shortest distance was found 

in 245, the compound with the narrowest P-C-P bond angle. As with the angles, 205 and 

253 have comparable CH-CO distances. 260 goes against the trend as it showed the 

shortest CH-CN distance, but the largest angle. This compound would be expected to 

have the shortest CH-CN distance due to the compound containing a double bond. The 

alkene fixes the bulky substituents away from each other due to a lack of rotation, 

reducing the steric congestion and allowing a large bite angle, even though the CH-CN 

distance is the shortest. 

 

For 205, 245 and 253 the CH-CH2 bond lengths were found to be within error meaning 

that the electron withdrawing nature of the different functionalities is not affecting the bond 

length. The analogous bond in 260 between the methine and alkenyl carbon is marginally 

shorter but this is to be expected as bonds between an sp2 and sp3 carbon tend to be 

smaller. The P1-C and P2-C bond lengths were averaged and compared. All compounds 

show an elongation in P-C bond lengths when compared to dppm, this is likely due to the 

introduction of extra functionality at the bridging carbon causing a slight repulsion of the 

phosphorus atoms.  

  

 Mechanistic insights and postulated catalytic cycle 4.2.3.4.

To try and determine the mechanism, kinetic and deuterium labelling studies were 

attempted. Ethyl propiolate (236) was chosen as the test substrate. Unfortunately, the 

kinetic analysis was unsuccessful as the reaction reached completion before data could 

be collected. Attempts to lower the catalyst loading to slow the reaction were unsuccessful 

as the reaction did not reach completion; this was postulated to be due to poor mixing of 

the solution. At 0.5 mol% the reaction showed a mixture of 1,1-diphosphine alongside the 

E- and Z-(diphenylphosphaneyl) ethyl acrylates.  A 1:1 reaction of 236 with HPPh2 in the 

presence of 10 mol% KHMDS led to 85% 1,1-diphosphine, the other 15% were the E- and 
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Z-(diphenylphosphaneyl) ethyl acrylates (E 10%, Z 5%). It is presumed from these 

experiments that there is no preference for the formation of the E- or Z- isomer of the 

mono-addition intermediate before reacting further to produce the 1,1-diphosphines. 

 

Deuterium labelling of the substrate yielded much more promising results. When d1-ethyl 

propiolate was used a 65:35 ratio of methine:methylene was observed. If the reaction 

proceeded without deprotonation of the alkyne then the deuterium would only be observed 

on the methine group and so within this system both deprotonation of the phosphine and 

the alkyne must occur. The mechanism is discussed below in Scheme 4.30 and Scheme 

4.31. 

 

The mechanistic cycle for the formation 1,1-diphosphine with the deuterium located on the 

methine is shown in Scheme 4.30. The first step of the cycle is proposed to be the 

formation of KPPh2 by deprotonation of HPPh2. The phosphine can then add to the 

terminal position, forming an alkenyl intermediate. In situ monitoring of the reaction shows 

that both isomers are present. The Z-isomer seen in higher quantity, suggesting that the 

E-isomer is reacting faster than the Z. This alkenyl intermediate can then be protonated by 

bis(trimethylsilyl)amine before reacting with a further equivalent of KPPh2, yielding a 

doubly phosphinated intermediate. Protonolysis by bis(trimethylsilyl)amine generates the 

1,1-diphosphine and KHMDS, which can re-enter the catalytic cycle.  

 

 

Scheme 4.30 - Proposed mechanism for the formation of 1,1-diphosphines with deuterium on the 

methine 
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To explain the deuterium scrambling a second proposed mechanism is shown in Scheme 

4.31 that accounts for this. The mechanism is almost identical to the mechanism in 

Scheme 4.30, the major difference is that the second mechanism allows for deprotonation 

of the acetylene. Deprotonation of the acetylene would lead to the formation of a 

potassium acetylide, this in turn can be protonated by HPPh2 generating the potassium 

phosphide. The acetylene can then undergo attack by the potassium phosphide but both 

protonation steps with bis(trimethylsilyl)amine now have the chance to deuterate the 

intermediates as deuterium was transferred to the amine from the acetylene in the initial 

deprotonation. It is thought that deprotonation of the phosphine is still possible, leading to 

a mixture of deuterated and non-deuterated bis(trimethylsilyl)amine in the reaction 

mixture, which is why deuteration of the methylene carbon is not guaranteed. 

 

 

Scheme 4.31 – Proposed mechanism for deuterium scrambling in 1,1-dihydrophosphination 
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 Conclusions and future work 4.3.

A simple system for the synthesis of both divinylphosphine and 1,1-diphosphines is shown 

with a vast range of substrates employed. The catalytic system shows very limited 

success for the synthesis of challenging 1,2-diphosphines. The method developed uses a 

commercially available base (KHMDS) and is complete in relatively short reaction times. 

Mechanistic studies using deuterium labelled substrate have led to a proposed 

mechanism that suggests deprotonation of both the alkyne and phosphine is likely which 

resulted in scrambling of the deuterium label.  

 

Future work for this project would be to develop a synthetic route to N,N-diaryl amides and 

N-alkyl amides to further develop the library of available 1,1-diphosphines. The N,N’-

dicyclohexylcarbodiimide (DCC) coupling for butylamine and N,N-diphenylamine proved 

unsuccessful and so alternate routes to these alkynes have been proposed in Scheme 

4.32 and Scheme 4.33. The route shown in Scheme 4.32 is likely to be a more 

successful route, as this is a common procedure for the formation of amides. The 

synthesis of the intermediate 267 has been performed in the literature.142 This route is 

desirable as the acetylene is protected, meaning the acyl chloride should be relatively 

easy to handle. The second route to the desired is a post-functionalisation of the 1,1-

diphosphine 248. Williams and co-workers have shown it is possible to functionalise a 

primary amide using hydroxylamines as an inorganic catalyst for the transamidation 

process.143 

 

 

Scheme 4.32 - Proposed alternate synthetic route to propynamides 

 

Scheme 4.33 - Proposed post-synthetic modification of 1,1-diphosphine, 248  
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Chapter 5 - Heterobimetallic complexes using 1,1-

diphosphine ligands 
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 Introduction 5.1.

Heterobimetallic complexes are a class of coordination compounds that contain two 

different metal nuclei within the same ligand scaffold. Careful design of the ligands can 

allow metals to bind in to particular pockets based on the precursors and conditions used 

to form the complexes. A review by Wheatley and Kalck144 showcases the vast ways that 

these complexes can be synthesised and also discusses some of the catalytic processes 

these complexes can be used in. Matsunaga and Shibasaki also demonstrate the use of 

Schiff bases for bimetallic complexes and discuss the ligands used and how the different 

pockets have affinities for certain metals over others.145 One reason for investigating these 

complexes is to see whether the metals show any cooperative effects, enhancing the 

efficiency of these species in catalysis. Cooperativity is an effect that is often associated 

to biological reactions such as the binding of oxygen to haemoglobin.146 However, 

synthesis of bimetallic complexes can be relatively challenging. 

 

 Rhodium 1,1-Diphosphine complexes 5.1.1.

As was mentioned in Chapter 4.1.2 1,1-diphosphines make great ligands for catalysis, 

particularly for the late TMs such as Ru, Rh and Pt.118 Complexes bearing these ligands  

have shown many uses in reactions including hydrogenation,147 hydroacylation148 and 

hydrogen borrowing reactions.149 This section will look at the synthetic routes to 

mononuclear complexes of rhodium with 1,1-diphosphines. 

 

For dppm, many of the early reports of reactions with this ligand with rhodium resulted in 

the formation of dinuclear species.150 In 1979 a general synthetic route to a mononuclear 

Rh (I) complex with two ligated 1,1-diphosphines was reported.151 The procedure is 

relatively simple, [Rh(COE)2Cl]2 (COE = cyclooctene, 268) is mixed with a slight excess of 

excess dppm in benzene which results in the formation of 269 (Scheme 5.1). Addition of a 

halide abstracting agent such as AgBF4 leads to the formation of a four-coordinate 

cationic species (270, Scheme 5.1). The use of AgBF4 ensures that the chloride is 

removed, opening up a coordination site for the ligand to bind to leading to a square 

planar geometry due to the non-coordinating nature of [BF4]
-. The five-coordinate structure 

of 269 was later determined in 1993, with an axial chloride resulting in a square-based 

pyramidal geometry. The use of 268 in these reactions is to ensure there is no competitive 

rebinding of the ligands being displaced as COE is a monodentate ligand, in comparison 

to dppm which is bidentate. This means the phosphine will bind preferentially as it forms a 

chelate.  
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Scheme 5.1 - Synthesis of 269 and 270 

Wilkinson and co-workers have also developed a synthetic method for neutral rhodium (I) 

complexes (Scheme 5.2). Using either Rh(PPh3)3Cl (4) or [Rh(PMe3)4]Cl (271) in the 

presence of dppm it was possible to synthesise the unsymmetrical neutral complexes 272 

and 273. These complexes give complicated 31P{1H} NMR spectra due to P-P and Rh-P 

coupling. As the ligands trans to each phosphorus atom of the dppm are different this 

means that the signals will split in the 31P{1H} spectrum. Again, the synthesis of these 

species is straightforward. 272 requires stirring with dppm in toluene overnight and 273 

requires refluxing in toluene in the presence of dppm. 269 can also be synthesised from 4, 

however, this requires stirring for 4 days. Reaction of 269 with MeLi results in a new 5-

coordinate complex (274, Scheme 5.2) this time adopting a trigonal bipyrimidal geometry. 

This is confirmed from the 31P NMR spectrum as the structure results in inequivalent 

phosphines and so two phosphorus signals are observed in the 31P NMR spectrum. If a 

similar reaction is performed with NaCp a T-shaped molecule is produced (275, Scheme 

5.2). This work was further developed by Hofmann and co-workers who used alkyl 

diphosphines rather than aryl diphosphines to develop a series of monomeric complexes 

(Fig. 5.1).  

 

 

Scheme 5.2 - Selection of complexes synthesised by Wilkinson and co-workers 
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Figure 5.1 – Complexes synthesised by Hofmann and co-workers 

In 2012, Weller and co-workers developed a synthetic route to cationic mononuclear 

rhodium(I) 1,1-diphosphine complexes with a labile fluorobenzene ligand.148 To synthesise 

these complexes they use alkyl diphosphines, which increase the σ-donating capabilities 

of the ligands. Using the rhodium precursor [Rh(COD)2][BArF
4] (COD = cyclooctadiene, 

276) an equivalent of the diphosphine is added to the precursor before placing under an 

atmosphere of dihydrogen. This hydrogenates the remaining COD, making cyclooctane 

which cannot bind to the rhodium. As the reactions are performed in fluorobenzene this 

results in the complexes binding one equivalent of the solvent. 

 

 

Scheme 5.3 - Synthesis of cationic rhodium (I) complexes with a labile fluorobenzene ligand 

 Titanium amidates 5.1.2.

Another functional group that has been incorporated into some of the 1,1-diphosphines 

synthesised in Chapter 4.2.3 were amides. Secondary amides contain a proton on the 

nitrogen, allowing for deprotonation and therefore allowing the group to bind to metals. As 

the amide is situated next to a carbonyl this allows coordination of this group too, resulting 

in a 4-membered metallacycle. If a basic metal precursor such as Ti(NMe2)4 (277) is used 

this can result in complexes of the form shown in Scheme 5.4.  

 

 

Scheme 5.4 - General reaction of 277 with an amide 

The first reported synthesis of a compound of this type was in 2003 by the Schafer 

group.152 In this report the group document a number of titanium and zirconium complexes 
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bearing different amides (Scheme 5.5). All of the amides used have a bulky tert-butyl 

substituent on the nitrogen while the R groups bound to the carbonyl could vary slightly 

more with iso-propyl, phenyl and pentafluorophenyl used. The titanium or zirconium 

precursors used were either the tetrakis(dimethylamino) or tetrakis(diethylamino), both 

produce a volatile amine as a by-product of reacting with the amide that can be easily 

removed.  One interesting note about the structures is that the bulky tert-butyl groups are 

cis to each other, rather than the expected trans configuration which would reduce steric 

interactions. This is true for the tetrakis(diethylamino) complexes of both titanium and 

zirconium.  

 

 

Scheme 5.5 - Initial bis(amidate) complexes synthesised by the Schafer group 

Shortly after this publication complexes bearing 2,6-diisopropylphenyl (Dipp) and 2,6-

dimethylphenyl substituents on the nitrogen of the amide with phenyls bound to the 

carbonyl were reported.153 For the 2,6-diisopropylphenyl complex a different isomer of the 

complex was observed in the solid state (278, Fig. 5.2). This time the amido groups were 

trans to each other. This led to the synthesis of a library of these complexes to understand 

what was causing the different isomers.154 Interestingly crystallisation of the 2,6-

dimethylphenyl (Dmp) complex results in a C1 symmetric complex (279), however, the 1H 

NMR spectroscopy suggests in situ the complex is C2 symmetric. The symmetry of related 

species and the effects on NMR will be discussed more in Chapter 5.2.2.1. 

 

 

Figure 5.2 - Structure of the alternative isomer obtained when Dipp substituents were used 
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The literature suggests that these complexes are simple to synthesise, however, there are 

multiple isomers that can form. Ideally crystal structures would be obtained of new 

complexes but should this not be possible 2D NMR experiments can be performed in 

solution. Alternatively density functional theory (DFT) studies could be used as the 

computational results from Schafer and co-workers correctly determined what the solid 

state structure of their complexes were.154 Although it is worth noting that the solid state 

structure is not always concordant with the structure(s) in solution. 

 

 Project aims  5.1.3.

This section of the thesis looks at the synthesis of complexes of the 1,1-diphosphines 

synthesised in Chapter 4.2.3. The focus is on complexes using 247 (Fig. 5.3), which 

contains both a 1,1-diphosphine and a secondary amide, and derivatives of this species. 

Model complexes were synthesised with both titanium and rhodium to see if it was 

possible to make complexes with just one of the metals. These procedures were then 

combined to try and develop novel heterobimetallic complexes containing both titanium 

and rhodium. 

 

 

Figure 5.3 - Ligand that was used for the synthesis of model complexes 

 Results and discussion 5.2.

For this chapter, a summary of all ligands and complexes discussed can be found in 

Appendix I as an easy reference to the text. 

 

 Ligand synthesis 5.2.1.

As was discussed in the introduction, for the ability to bind multiple metals more than one 

ligating group must be present in the pro-ligand. An important feature is that the binding 

motifs of the pro-ligand must be significantly different so that the metals can bind 

selectively into the desired pockets, leaving the other moiety available for the addition of a 

second metal. 247 was chosen as a suitable pro-ligand (Chapter 4.2.3) as it contained 

both an amide and a 1,1-diphosphine moiety. There is literature precedent for the 

formation of titanium amidates using the simple Ti(NMe2)4 (277) as the precursor along 

with bulky amides.154–156 The reactions are very simple with addition of both the metal 

precursor and two equivalents of ligand yielding κ2-bound amidate complexes with the 

only by-product of the reaction dimethylamine, which is easily removed under vacuum. 

The pro-ligand chosen (247) contained a small bite angle phosphine and James and 
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Mahajan have shown that rhodium complexes can be readily formed with phosphines 

such as dppm from rhodium precursors that are relatively easy to synthesise.157 However, 

247 lacked the steric bulk that most amides used in Ti-amidate synthesis have: the aryl 

groups tend to be substituted, i.e. 2,6-dimethylphenyl and 2,6-diisopropylphenyl. The 

synthesis of these bulkier derivatives (280, 281) was carried out under the conditions 

stated in Chapter 4.2.3 (10 mol% KHMDS, 2 eq HPPh2), however, the purity was poor 

with the samples containing a significant quantities of unreacted HPPh2.  

 

To try and increase reactivity the KHMDS loading was increased to 50 mol% and the 

reaction was left to stir overnight (Scheme 5.6). The solution was quenched by the 

addition of methanol and the solvents were removed in vacuo. As the 1,1-diphosphines 

were known to slowly oxidise in solution in air, the crude product was mounted on to 

alumina under an inert atmosphere. To remove the unreacted phosphine a 5% 

DCM/hexane solution was added to the crude product and placed in an ultrasonic bath. 

The resulting suspension was then filtered through a short alumina column. The filtration 

was repeated three times before eluting the product using a 50% DCM/hexane mix. 280 

was isolated in a yield of 66%. An identical procedure was used for isolation of 281 which 

was isolated with a 68% yield. It is also worth noting that the 1H NMR spectrum for 281 

showed that rotamers were present in solution. This is not unexpected as the starting 

materials for both of the ligands (282/283, Fig. 5.4) were observed in two different 

conformations. This is due to hindered rotation of the bulky aryl substituents on the amide 

with respect to the alkynyl group.  

 

 

Scheme 5.6 - Synthesis of bulky 1,1-diphosphineamides. Only one rotamer shown for 282/283 

 

 

Figure 5.4 - The rotamers observed by 
1
H NMR spectroscopy for 282 and 283 
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 Model complexes 5.2.2.

 Titanium 5.2.2.1.

To see if titanium amidate complexes with 1,1-diphosphines were accessible several 

small-scale reactions were carried out. The reactions were performed in a J-Young NMR 

tube with one or two equivalents of ligand to determine the effect on the structure of the 

complex. Orange solutions formed instantaneously under both ligand loadings with 

Ti(NMe2)4 (277). Addition of one equivalent of ligand in toluene led to the formation of two 

distinct signals in the 31P NMR spectrum, -4.5 and -4.6 ppm (Fig. 5.5). Addition of two 

equivalents of ligand showed the formation of a single signal at -4.5 ppm. The methine 

signal is seen clearly in the 1H NMR spectra, with one equivalent of ligand displaying two 

signals (4.44 ppm, major; 4.32 ppm minor, Fig. 5.6) and two equivalents displaying a 

single signal at 4.32 ppm. The CH2 signals of the two species appear to overlap as can be 

seen by superimposing the two 1H NMR spectra. Attempts to isolate the species from the 

reaction of 277 with one equivalent of 247 were unsuccessful but the minor component of 

the reaction is proposed to be complex 284 (Scheme 5.7).  

 

 

Figure 5.5 – Bottom, 
31

P{
1
H} NMR spectrum of the reaction of 277 with one equivalent of ligand. 

Top, 
31

P{
1
H} NMR spectrum of the reaction of 277 with two equivalents of ligand. Spectra obtained 

in C6D6 
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Figure 5.6 - Bottom, 
1
H NMR spectrum of the reaction of 277 with one equivalent of ligand. Top, 

1
H 

NMR spectrum of the reaction of 277 with two equivalents of ligand. Spectra obtained in C6D6 

  

Scheme 5.7 - Synthesis of 284 

There are multiple conformations that the complex could exist in which are shown in Fig. 

5.7 and a comprehensive study on the effect ligand bulk has on the structure of Ti and Zr 

amidates has been published by Thomson et al.154 The 31P NMR spectrum does not aid in 

the determination of the complex structure due to the phosphines’ remote proximity from 

the metal centre. From the 1H NMR spectrum, structure 285 can be ruled out due to the 

spectrum being symmetric, this is because this isomer is in the point group C1. The 

remaining 4 isomers (284, 286-288) all contain a C2 axis. 286 and 287 are in C2 as they 

contain no mirror planes, the difference between the two isomers is whether the oxygen or 

nitrogen of the ligands are trans to each other. 288 is in the point group C2v and 284 is C2h 

due to these isomers containing mirror planes. All complexes would be expected to give a 

single set of signals for the ligands due to a rotational axis, however, each isomer would 

be expected to be at different chemical shifts, as is seen in complexes containing tert-

butyl groups by Thomson et al.154 As there is only one signal for the methine and 

methylene groups only one isomer is expected in solution. Due to the multiple orientations 
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of the ligand, NOESY (Nuclear Overhauser effect spectroscopy) was used to probe for 

intramolecular interactions that could help elucidate the solution structure of the complex 

(Fig. 5.8). From the NOESY spectrum isomer 287 can be ruled out as through space 

interactions are observed between the phenyl group on the nitrogen and the 

dimethylamido groups. 286 is also highly unlikely as weak interactions are observed 

between the dimethylamido groups and protons associated with the phenyl group of the 

phosphine, this isomer would be highly unlikely to show these interactions as the alkyl 

group is facing away from the dimethylamido groups. The NOESY spectrum does not help 

to decipher between 288 and 284, however, 284 would be the least sterically demanding 

as the phenyl substituents would not be on the same side and so this is the isomer that 

has been assigned. A crystal structure has not been obtained but is required to confirm 

the stereochemistry given for 284. The complex can also be synthesised in benzene and 

this was used in the reactions proceeding the synthetic trials.  

 

 

Figure 5.7 – Possible isomers with the addition of two equivalents of 247 to Ti(NMe2)4 
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Figure 5.8 - Section of the NOESY spectrum of 284, displaying the through space interactions  

As the reaction with two equivalents of ligand had shown promise attempts were made to 

scale up the reaction, but unfortunately multiple signals were observed in the 31P NMR 

spectrum. The reactions were trialled in different solvents and at different concentrations 

but these did not affect the outcome. The reaction only appears to be feasible on a small 

scale of up to 0.023 mmol (5 µL) of Ti(NMe2)4. In all cases the reactions form a dark 

brown solution rather than the orange solution seen on a small scale. Most reported 

complexes use bulkier aryl groups such as 2,6-dimethylphenyl, 2,6-diisopropylphenyl or 

tert-butyl groups on the amide.154,155 As the steric bulk of the aryl group is comparatively 

smaller for 247 in comparison to other common groups it appears that when there was a 

high concentration of ligand, complex 284 could react with further equivalents of ligand, 

leading to multiple compounds. To test this, a reaction was set up with three equivalents 

of ligand, resulting in multiple species being formed which were not isolable. The 31P NMR 

spectrum is shown in Fig. 5.9, where prominent signals are observed at -4.28 and -6.80 

ppm. Further confirmation came from synthesising the desired titanium complex, 284, and 

then adding a third equivalent of ligand. This also led to formation of multiple species. The 

complexes observed show similar signals in both reactions. Both samples are also dark 

brown rather than orange.  

 

NMe2 

CH2 

CH 

PPh2H PPh2H o-NPh 
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Figure 5.9 - 
31

P NMR spectrum obtained when 277 is reacted with three equivalents of 247 

To try and circumvent the issues with scale up the bulkier 2,6-dimethylphenyl derivative 

(280) was tested as an alternative ligand. In situ formation of the complex on a small scale 

resulted in the formation of an orange solution which upon analysis showed the desired 

complex (289, Scheme 5.8). 289 shows one signal in the 31P NMR spectrum at -4.25 ppm 

(Fig. 5.10). The 1H NMR spectrum (Fig. 5.10) shows two integrals of 12 at 3.28 ppm 

(NMe2) and 2.20 ppm (ArMe), the signal at 2.20 ppm is relatively broad in comparison to 

the other signals, suggesting there is a lot of intramolecular interactions due to the bulk of 

the ligand. The methine (4.14 ppm, triplet) and methylene (2.48 ppm, td) signals show the 

distinct coupling observed in the free ligands. In comparison to the free ligand, there is a 

distinct shift for the methine signal of ~0.5 ppm but very little change is observed for the 

methylene (0.01 ppm). The 31P NMR spectrum shows the formation of a singlet at 4.3 

ppm, indicating there are no other complexes present. The isomer was again determined 

using NOESY (Fig. 5.11), again suggesting that the dimethylamido groups are trans to 

each other. Evidence for this is interaction between the amide methyl groups with the 

dimethylamido substituents and weak interactions with the phenyls bonded to the 

phosphines. Again, a crystal structure is required to confirm which isomer is formed. This 

reaction was scaled up to 0.15 mmol of titanium which allowed for the clean formation of 

289. Residual HPPh2 from the ligand synthesis is easily removed by dissolving the 

complex in hot hexane, cooling to -20 °C and then filtering the hexane. This process was 

repeated 2-3 times to ensure complete removal of HPPh2. Scaling this reaction up to 0.3 

mmol of titanium gave the desired product as the major species along with multiple other 

peaks in the 31P NMR spectrum. The same 31P NMR spectrum is obtained when the 

reaction is carried out with a third equivalent of ligand suggesting that steric bulk had 

prevented complete redistribution. The concentration when 0.3 mmol of titanium was used 

was greater than in the 0.15 mmol reaction as the solvent was not scaled up accordingly, 

this may factor into why the reaction does not cleanly produce one species. To synthesise 

289 on a large scale three reactions containing 0.15 mmol of Ti(NMe2)4 were set up 

simultaneously and the upon completion the reactions were combined and the workup 

carried out on the combined samples. 
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Figure 5.10 – NMR spectra for 289. Top, 
31

P NMR spectrum. Bottom, 
1
H NMR spectrum 

 

Figure 5.11 - Section of the NOESY spectrum of 289 
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Scheme 5.8 - Synthesis of 289 

 

 Rhodium 5.2.2.2.

Initial studies were performed using [Rh(COD)Cl]2 (5) as the metal precursor (Scheme 

5.9). After addition of each reagent the reactions were monitored by both 1H and 31P NMR 

spectroscopy. Initial reaction of 247 with 5 led to the formation of a complex mixture. By 

1H NMR spectroscopy, large singlets formed at around 2.21 and 5.58 ppm, suggesting 

that COD had been liberated. Two signals were located for the methine group of the 

ligand (5.80 and 5.42 ppm), however, the 31P NMR spectrum showed four doublet signals 

indicating there was some signal overlap. It has not been possible to determine the 

structure of these complexes. 

 

 

Scheme 5.9 - First test reaction between 5 and 247 

The next step in the trials was the addition of sodium tetrakis-[3,5-

bis(trifluoromethyl)phenyl] borate (NaBArF
4, Scheme 5.10); the reaction was undertaken 

using the same stoichiometry of ligand and Rh precursor and was monitored by 1H and 

31P NMR spectroscopy. After one hour the 31P NMR spectrum showed two doublets (Fig. 

5.12), one at -8.1 ppm (115 Hz) and one at -15.2 ppm (131 Hz). The 1H NMR spectrum 

showed a large reduction in the signals associated with the free COD, suggesting that 

most of the COD rebound to the rhodium. The complex at -8.1 ppm is believed to be 290. 

This complex has been synthesised independently and this synthesis is discussed later in 

this chapter. The coupling constants for the 31P NMR signal at -8.1 ppm were consistent 

with 290, along with the shifts for the methine (6.10 ppm) and methylene (1.75 ppm) 

signals in the 1H NMR spectrum (Fig. 5.12). A tentative assignment for the second 

complex is 291. Due to the poor resolution of the 1H NMR spectrum obtained it has not 

been possible to determine coupling constants as all signals are broad and so not all 

signals can be assigned. The 31P NMR spectrum showed a substantial increase in the JRh-
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P coupling constant relative to 290, this is indicative of a weaker sigma donating ligand 

being trans to the phosphines.158 As the molecule is asymmetric, splitting of the alkene 

signals for the COD would be expected and the 1H NMR spectrum showed two new 

signals at 5.17 and 4.64 ppm both of which integrate to 2H, giving additional support to 

this proposed complex. The methine signal for 291 was located at 5.71 ppm, however, it 

was not possible to locate the methylene signal as there were multiple signals in the 

expected region.  

 

 

Scheme 5.10 - Addition of NaBAr
F

4 to the reaction of 5 and 247 
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Figure 5.12 - Top, 
31

P NMR spectrum of the reaction mixture in Scheme 5.10. Bottom, 
1
H NMR 

spectrum of the reaction mixture 

To see if the second complex was 291, triphenylphosphine was added (Scheme 5.11). 

This is because although COD is a chelating ligand it is only weakly bound, PPh3 has a 

lone pair which is much more strongly donating than the alkenes of COD and so this can 

lead to displacement of the weaker ligand. Another key reason for the use of a phosphine 

is that 31P NMR spectroscopy can be very diagnostic due to strong rhodium-phosphorus 

and phosphorus-phosphorus coupling. Addition of PPh3 led to the formation of two 

species, one species displayed a doublet (d, J = 116 Hz; 290, Fig. 5.13) while the second 

displayed two doublet-of-doublets (30.7 ppm, J = 245, 139 Hz; -7.3 ppm, J = 245, 119 

Hz). As PPh3 had been added and the signals assigned to 290 were still present this 

supported that this was a correct assignment. P,P-ligand 247 is a much stronger donor 

than COD, as well as chelating and so cannot be displaced as easily. The second 

species, which has only been characterised as part of a mixture with 290, was determined 

to be 292. Due to the two doublet-of-doublets couplings observed in the 31P NMR 

spectrum this implied that two phosphorus environments were present around the 

rhodium. The doublet-of-doublets arises due to the phosphines coupling to both the 

rhodium and the phosphines opposite. In the 1H NMR spectrum there is a substantial shift 

between the observed signals for the methylene signal (1.52 ppm, td, J = 13.1, 6.4 Hz) 

and the methine (5.62 ppm, m, overlapping residual COD) in comparison to the free ligand 

(CH, 4.16 ppm, t; CH2, 2.37 ppm, td). A crystal structure has not yet been obtained for 292 

290 

291 

290 

291 

COD 
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to confirm its identity. Mass spectrometry analysis may also be able to confirm the identity 

of this species, however, both 292 and 290 would be observed in the mass spectrum.  

 

 

Scheme 5.11 - Sequence of reactions performed in the initial studies with the two identified 

species shown 

 

Figure 5.13 - Top, 
31

P NMR spectrum of the reaction mixture in Scheme 5.11. Bottom, 
1
H NMR 

spectrum of the reaction mixture 

An alternative route to 292 was also trialled using Wilkinson’s catalyst (4) as the precursor 

(Scheme 5.12). This was chosen as the complex bears three triphenylphosphine ligands 

and it was believed that reaction with NaBArF
4 and one equivalent of ligand would only 

displace one triphenylphosphine, yielding 292 as the only complex. This proved 

290 

292 

COD 

292, [Rh]-PPh3 

 

292, [Rh]-247 

290 

PPh3 
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unsuccessful and a mixture of 290 and 292 was observed as the signals obtained 

matched those found during the initial trials. 

  

 

Scheme 5.12 - Alternative synthesis of 292. Both species identified are shown 

At this point an attempt to synthesise the second species observed in the above reaction 

was carried out (Scheme 5.13). As 290 displayed a doublet in the 31P NMR spectrum      

(-7.9 ppm, J = 116 Hz) it was believed that the phosphine environments were identical. 

Using 4 as the precursor along with two equivalents of 247, the clean formation of 290 

was observed. The issue with this synthesis is that the crude product contains a large 

amount of triphenylphosphine that is difficult to remove; most attempts result in the 

formation of an oil. An alternative route to the desired complex uses 5 or [Rh(COE)2Cl]2 

(268) with two equivalents of 247. The advantages of using 268 over 5 is that free COE is 

not chelating and so displacement from the rhodium is much more trivial than for COD. 

COE is also much more volatile than COD and so can be easily removed under vacuum 

and so further work up steps are not required. COD can be removed by washing the 

product with a solvent such as pentane or hexane. This complex was crystallised from a 

concentrated C6H6 solution. The complex crystallised with five equivalents of benzene and 

the structure of the cation can be seen in Fig. 5.14. This structure has the potential to 

crystallise in two forms, one with the methine protons anti and one with the protons syn. 

This particular crystal has the protons in an anti-conformation, that is not to say that the 

other conformation is not possible. A screening of all crystals obtained would have to be 

performed to rule out the other conformation. Leitner et al have synthesised a similar 

complex that is shown in Fig. 5.15 which contains a rhodium bound to two dppm ligands 

([Rh(dppm)2]
+

, 293).159 Bond lengths for both complexes are given in Table 5.1 and bond 

angles in Table 5.2. The Rh-P for 290 (2.2969(9)-2.3129(9) Å) are longer than those in 

293 (2.2832(8)-2.908(6) Å) which is to be expected due to the increase in steric bulk in the 

backbone of the ligand. This additional bulk also leads to increase distance in the C-P 

distances with bond lengths ranging from 1.866(3)-1.875(3) Å for 290 and 1.843(3)-
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1.847(3) Å for 293. This also effects the bond angles with an increase in both P-C-P and 

P-Rh-P bond angles for 290.  

 

 

Scheme 5.13 - Synthesis of 290. All trialled routes shown 

 

Figure 5.14 - Structure of the cation of 290. Thermal ellipsoids shown at 50% probability. Protons, 

solvate molecules and anions have been omitted for clarity 

 

Figure 5.15 – Rhodium fragment (294) synthesised by Leitner et al. Anion omitted 

Table 5.1 - Table of selected bond lengths for 290 and 293 

 

290 293 

Entry 
 

Length (Å) 
 

Length (Å) 
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1 Rh1-P1 2.2999(9) Rh1-P1 2.2832(8) 

2 Rh1-P2 2.2969(9) Rh1-P2 2.2908(6) 

3 Rh1-P3 2.3061(9) 
Rh1-
P1E 

2.2832(8) 

4 Rh1-P4 2.3129(9) 
Rh1-
P2E 

2.2908(6) 

5 C1-P1 1.875(3) C25-P1 1.843(3) 

6 C1-P2 1.874(3) C25-P2 1.847(3) 

7 C34-P3 1.871(3) 
C25E-
P1E 

1.843(3) 

8 C34-P4 1.866(3) 
C25E-
P2E 

1.847(3) 

 

Table 5.2 - Table of selected bond angles for 290 and 293 

 

290 293 

Entry 
 

Angle (°) 
 

Angle (°) 

1 P1-Rh1-P2 72.82(3) P1-Rh1-P2 70.80(3) 

2 P3-Rh1-P4 72.53(3) P1E-Rh1-P2E 70.80(3) 

3 P1-C1-P2 93.41(14) P1-C25-P2 91.80(10)) 

4 P3-C34-P4 93.98(14) P1E-C25E-P2E 91.80(10)) 

 

290 is clearly not an ideal precursor to a heteroleptic Rh-containing bimetallic complex as 

it is difficult to substitute a diphosphine ligand once it is bound to the rhodium. Ideally, the 

Rh would be ligated with one equivalent of 247 and other easily displaced auxiliary ligands 

(which would allow catalysis to take place). To try and prevent formation of 290 a new 

rhodium precursor was trialled, [Rh(dppe)Cl]2 (dppe = diphenylphosphinoethane, 294). 

This precursor was chosen due to the presence of the dppe ligand; as the ligand is 

chelating it was hoped that upon reaction with NaBArF
4 and 247 that there would be no 

loss of dppe and so very little workup of the complex would be required. The resulting 

complexes from 294 would also have distinct rhodium-phosphorus and phosphorus-

phosphorus coupling that would help to determine the formation of the new complexes. 

294 can be synthesised relatively easily from 5 (Scheme 5.14). It is imperative that the 

reaction is heated above 120 °C: Bosnich reports the formation of a yellow precipitate 

which turns orange upon heating above 120 °C,160 the latter being 294 (Fig. 5.16). It was 

not until 2007 that this yellow precipitate was identified as 295 by Han and co-workers,161 

this was also confirmed in 2015 by Heller et al.162 

 

 

Scheme 5.14 - Synthesis of the rhodium dppe precursor, 294 
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Figure 5.16 - Structure of the complex isolated by both Han and co-workers and Heller and co-

workers 

294 is only partially soluble in common solvents such as DCM, THF and benzene. 

Regardless, 294 was reacted in DCM in the presence of NaBArF
4 and 247 yielding a 

soluble yellow complex (296, Scheme 5.15). It is worth noting that this complex is not 

soluble in benzene like 290 is and so characterisation was carried out in CD2Cl2. 296 

displays two distinct doublet-of-doublet signals in the 31P{1H} NMR spectra. The signals 

are observed at 57.7 ppm ([Rh]-dppe, J = 258, 133 Hz) and -7.5 ppm ([Rh]-247, J = 258, 

116 Hz), indicating that two different phosphine environments are present around the 

rhodium. The 1H NMR spectrum shows one species as, can be determined from the 

distinct coupling of the methine and methylene from the 1,1-diphosphine ligand, although 

there is overlap of the methylene signal with the dppe backbone. To see the signals more 

clearly a 1H{31P} NMR spectrum was obtained giving a triplet for the methine (5.62 ppm, J 

= 7.3 Hz) and a doublet for the CH2 (2.24 ppm, J = 7.3 Hz) of ligated 247. Attempts to 

crystallise 296 have been unsuccessful, yielding oils. These oils return to a solid upon 

application of a vacuum, indicating that it should be possible to obtain crystals suitable for 

XRD under optimised conditions. Further analysis including mass spectrometry also 

needs to be carried out to definitively confirm the identity of this species. 

 

 

Scheme 5.15 - Synthesis of complex 296.  

 Heterobimetallic complex synthesis 5.2.3.

 Wilkinson’s catalyst 5.2.3.1.

With the model studies giving promising results, attempts were made to synthesise 

heterobimetallic complexes. Even though using 4 had led to the formation of 290 and 292, 

it was trialled in the formation of multi-metallic species. It was proposed that if the ligand 

was already bound to the first metal, titanium, that it should prevent the formation of 290 



168 
 

due to the absence of free ligand in solution which can displace the triphenylphosphine 

ligands. 

 

The first attempts to synthetic routes of the bimetallic complexes were carried out entirely 

in situ with formation of the titanium precursor, 284, followed by direct addition of two 

equivalents of 4 and NaBArF
4. The reaction was carried out in C6D6 as both 284 and 290 

were soluble in this solvent. From the 31P NMR spectrum it was determined that multiple 

products were present. The species observed were consistent with the data obtained for 

290 and 292, suggesting that the reaction should be left longer to ensure the formation of 

the desired bimetallic complex 297. Extended reaction time, to ensure formation of 284, 

led to formation of an insoluble red oil upon addition of the NaBArF
4 and 4 (Scheme 5.16). 

The 31P{1H} NMR spectrum of the C6D6 solution showed a large singlet at approximately -

5.3 ppm, which is attributed to free PPh3 and 2 small signals at 30.5 ppm and -5 ppm 

(overlapping with PPh3) that had poorly resolved coupling. The C6D6 was removed and the 

compound was found to be soluble in CD2Cl2. The 31P{1H} NMR spectrum showed two 

doublet-of-doublets (Fig. 5.17), one signal at 30.0 ppm (J = 251, 136 Hz; PPh3 bound to 

the Rh) and one at -5.9 ppm (247 bound to Rh), although it was not possible to accurately 

determine the coupling constants due to overlap with free PPh3 (singlet, -5.5 ppm). A 

doublet-of-doublets was expected for the desired complex as 292 also shows this distinct 

coupling pattern in its 31P NMR spectrum. The 1H NMR spectrum shows one well defined 

set of peaks associated with the methine and methylene signals of the ligand with signals 

at 5.13 ppm (m) and 1.53 ppm (td, J = 13.6, 6.1 Hz) respectively (Fig. 5.18). The coupling 

constants observed do not match with 290 or 292 and so this is assumed to be a new 

species. There also appears to be some minor peaks associated to the ligand but these 

are in trace quantities. A sharp signal at 2.93 ppm is attributed to the Me2N groups.  
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Scheme 5.16 - Synthesis of 298. The proposed structure for the complex formed is shown 

 

 

Figure 5.17 - 
31

P{
1
H} NMR spectrum of 297 

Free PPh3 

 

[Rh]-PPh3 

 
[Rh]-PCP 
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Figure 5.18 - 
1
H NMR spectra of 297 (bottom) and the unknown species (top). The diagnostic 

peaks are shown. Left, methine adjjacent to phosphines. Centre, region for the NMe2. Right, 

methylene. Spectra collected in CD2Cl2 

During a second attempt to synthesise 297 a species with 1H NMR spectroscopic signals 

at 5.53 ppm (app. tt, J = 12.0, 6.4 Hz) and 1.85 ppm (td, J = 12.8, 6.4 Hz) was observed 

as the major product (Fig. 5.18). This compound also lacked the sharp signal for the Me2N 

groups at 2.93 ppm. The shift in the 1H NMR spectrum is also accompanied by a marginal 

shift in the 31P{1H} NMR spectrum of the 1,1-diphosphine from -5.9 ppm to -7.7 ppm (dd, J 

= 245, 119 Hz).  Attempts to crystallise these compounds have so far proved unsuccessful 

due to sensitivity in solution. The signals observed match very closely to the signals for 

292, strongly suggesting decomposition of the desired complex has occurred. This led to 

attempted synthesis in alternative solvents to determine the stability of 297 in a variety of 

solvents. 

 

Attempts to synthesise 297 in alternative solvents have proven difficult. The complex can 

be synthesised in DCM, although when left in this solvent for extended periods of time 

decomposition to 290 and 292 was observed. This could be due to insufficient drying of 

the solvent as adventitious water will react with the complex to form TiO2 with release of 

the ligand. This decomposition was confirmed when mass spectrometry analysis was 

performed of a sample that had been left to crystallise over several weeks in DCM. 290 

and 292 were also observed when MeCN was used as a reaction solvent. Another issue 

with MeCN is that 284 is insoluble in MeCN and so a small amount of C6H6 was added to 

allow the reaction to proceed. Upon completion the 31P NMR spectrum showed the 

characteristic doublet for 290 and mass spectrometry confirmed the presence of this 

species along with 292. 

 

Fluorobenzene was found to be a suitable solvent with clean reaction to a new species. 

To circumvent issues with other solvents, characterisation of the complex was carried out 

in proteo-fluorobenzene, both with and without a C6D6 capillary. The crude NMR spectrum 

was collected before filtration, to remove NaCl formed during the reaction, to detect 

CH 

CH 

CH2 

CH2 

NMe2 
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whether any decomposition occurred upon work-up. The crude 1H NMR spectrum is 

referenced to a signal for [BArF
4]

- at 8.43 ppm and the 31P{1H} NMR spectrum is 

referenced to PPh3 (-5.5 ppm). As there was a large amount of solid in the crude sample 

this led to broadening of the signals, this meant calculating the coupling constants was not 

possible. A signal for the phenyl substituent on the nitrogen was observed at 6.17 ppm, 

the methine signal at 5.39 ppm, the dimethylamido signal was at 3.02 ppm and the 

methylene signal at 1.77 ppm (Fig. 5.19). There were two signals present in the 31P{1H} 

spectrum: a signal for [Rh]-PPh3 at 30.1 ppm (dd, J = 248, 138 Hz) and a signal for ligated 

247 at -6.2 ppm (dd, J = 248, 118 Hz) which overlaps with the signal for free PPh3 (Fig. 

5.20). However, after filtration new signals began to appear in the spectrum; the methine 

peak shifted to 5.81 ppm and the methylene shifted to 1.88 ppm, there did not appear to 

be a corresponding signal for the dimethylamido ligands (Fig. 5.19). A new peak was also 

observed in the 31P{1H} spectrum at 30.6 ppm (dd, J = 245, 140 Hz, Fig. 5.20). This 

species was tentatively assigned to 292, as loss of the titanium would generate this 

species. To confirm this, 292 was generated in fluorobenzene by reacting one equivalent 

of 247 with 4 and NaBArF
4 and then recording the 1H and 31P{1H} NMR spectra (Scheme 

5.17, Fig. 5.21). When the spectra were superimposed it was clear that the impurity is 

292, with clear overlap of the methine and methylene signals (Fig. 5.21). There is also a 

clear match of the doublet-of-doublets in the 31P{1H} spectra for the PPh3 ligated to the 

rhodium. To reduce decomposition the filtration was performed in the glovebox, where the 

amount of 292 was formed was reduced. This also allowed for determination of the 

coupling constants of 297 due to a reduction in the amount of precipitate in the NMR 

sample: methine, 5.39 ppm, app. td, J = 11.8, 6.0 Hz; methylene 1.78 ppm, td, J = 13.7, 

6.0 Hz (Fig. 5.19). 

 

 

Scheme 5.17 - Generation of 292 in situ, the reaction also produces 290. c.f. Scheme 5.12 
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Figure 5.19 - 
1
H NMR spectra of complex 297. Bottom, NMR spectrum recorded after filtration in a 

glovebox. Top, NMR spectrum recorded after filtration on a Schlenk line, new methine and 

methylene signals observed 

 

Figure 5.20 - 
31

P{
1
H} NMR spectra of complex 297. Bottom, NMR spectrum recorded after filtration 

in a glovebox. Top, NMR spectrum recorded after filtration on a Schlenk line, decomposition 

product is shifted downfield marginally  

297 

292 

297 

292 

PPh3 

[Rh]-PPh3 

 
[Rh]-247 

Free PPh3 
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Figure 5.21 - Evidence for the decomposition of 297 to 292.Top, mixture of 292 and 297. Bottom, 

mixture of 292 and an unknown species, region for [Rh]-PPh3 shown. Left. 
1
H NMR spectra. Right, 

31
P{

1
H} spectra.  

Unfortunately, as 284 cannot be synthesised on a large scale the bulkier 2,6-

dimethylphenyl complex (289), which can, was also tested as it could be placed directly 

into the reaction with 4 without the need to synthesise the precursor in situ. The reactions 

were initially carried out in both DCM and C6H6 (Scheme 5.18) as 297 had been 

synthesised using these solvents in the previous studies. For these reactions only the 

31P{1H} NMR spectrum has been collected. The spectrum for the complex (298) in DCM 

(Fig. 5.22) shows a broad hump at -4.8 ppm which is associated with the 1,1-diphosphine 

ligand of 247. A second signal is observed at 31.1 ppm that can be assigned as a doublet-

of-doublets (J = 262, 131 Hz) and is attributed to the ligated PPh3 of 298, free PPh3 is also 

observed. The broad signals for the 1,1-diphosphine are proposed to be due to the 

greater steric bulk of 280 in comparison to 247. The complex was left in solution for a 

week and no appreciable decomposition was observed: the signals at 31.1 and -4.8 ppm 

remained after this time. When this complex was left in solution for approximately one 

month the signals become much sharper with multiple signals appearing in the region 

expected for the 1,1-diphosphine ligand suggesting decomposition is occurring with the 

formation of multiple compounds. This has excluded DCM as a suitable solvent for 

recrystallisation purposes. 

 

292 

297 

 

CH 

 

CH2 
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Scheme 5.18 - Synthesis of complex 298. Proposed structure given 

 

Figure 5.22 - 
31

P{
1
H} NMR spectrum for complex 299  

For the reaction carried out in C6H6, an oil was formed on addition of all reagents which 

was also observed during the synthesis of 298. This oil was left for two weeks in C6H6 

before the solvent was removed. The solid obtained was then dissolved in fluorobenzene. 

The 31P NMR spectrum shows two broad signals, one at 30.2 ppm and the other at            

-4.2ppm. When the 31P{1H} NMR spectrum was collected a sharp doublet-of-doublets was 

also observed which overlapped the broad signals. The coupling constants suggest that 

the complex could be 299 (Fig. 5.23), as the J values for the 31P signals obtained are 

similar to 292, along with the desired complex 298. This complex was left in solution for a 

further 2 months and after this time there was no noticeable change in the 31P NMR 

spectrum, indicating that fluorobenzene is an ideal solvent for recrystallisation.  

 

 

Figure 5.23 - Structure of 299 

As the complex was found to be soluble in fluorobenzene the reaction was tested in this 

solvent (Scheme 5.19). The 31P{1H} NMR spectrum for 298 showcases two signals which 

Free PPh3 

 

[Rh]-280 

[Rh]-PPh3 

 



175 
 

are extremely broad, making assignment of the coupling constants difficult (Fig. 5.24). 

The signals are at 30.0 (dd, J = 268, 137 Hz) and -2.6 (br. s). The 1H NMR spectrum is 

interesting as there is no clear signal observed for the methyl groups of the 2,6-

dimethylphenyl substituent of the ligand (Fig. 5.25). Integration of a broad signal observed 

between 1.89 and 1.34 ppm suggested the signal represented sixteen protons, the 

number expected for both the methyl and the methylene groups in the proposed complex. 

The methine signal is easily located and was used to integrate the other signals in the 

spectrum. The methine was observed as a broad signal at 5.19 ppm and the 

dimethylamido signals were at 3.08 ppm. As was seen with 297, when the reaction 

mixture of 298 was filtered, a second species began to form with a new signal observed in 

the proton at 5.82 ppm. A sharp doublet-of-doublets also began to form in the 31P{1H} 

spectrum (J = 244, 140 Hz), highlighting the sensitivity of these species. This signal is 

attributed to the complex 299. 

 

 

Scheme 5.19 – Synthesis of 298 in fluorobenzene 

 

Figure 5.24 - 
31

P{
1
H} NMR spectrum of 298 in fluorobenzene 

Free PPh3 

 

[Rh]-298 

[Rh]-PPh3 
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Figure 5.25 - 
1
H NMR spectrum of 298 in fluorobenzene 

 [Rh(dppe)Cl]2 5.2.3.2.

As the model reaction using 294 had shown promise, heterobimetallic complexes using 

this precursor were pursued. The reaction was performed in C6H6, reacting 289 with 294 

in the presence of NaBArF
4, resulting in the formation of a dark oil (300, Scheme 5.20). 

Removal of the solvent followed by addition of DCM allowed a 31P{1H} NMR spectrum to 

be acquired. The compound shows a doublet-of-doublets at 57.7 ppm (J = 261, 135 Hz) 

which is attributed to the ligated dppe. The coordinated 1,1-diphosphine shows a poorly 

resolved signal at -2.6 ppm, this is to be expected as the signal for the diphosphine in 298 

was also broad. As with 298 this is thought to be due to steric congestion. DCM can also 

be used as the reaction solvent. The initial species that forms in this solvent is identical to 

the test reaction by 31P{1H} NMR spectroscopy. However, after one week in solution a 

second species is observed. The 31P{1H} NMR spectrum in the region of the coordinated 

dppe shows a set of signals marginally shifted to 57.9 ppm (J = 250, 133 Hz) from 57.7 

ppm. The coupling constants are similar to the previously synthesised 296 (J = 258, 133 

Hz). Due to the addition of the methyl groups this cannot be used to definitively say that 

301 (Scheme 5.22) has formed, but it strongly suggests the presence of this species.  

 

 

Scheme 5.20 - Trial synthesis of 300. Proposed structure shown 

As fluorobenzene had been shown to be a suitable solvent for the synthesis of 297 a test 

reaction was carried out using fluorobenzene for the entire synthesis (Scheme 5.21). 

When all the reagents were added to a J-Young NMR tube the phosphorus signal for the 
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289 remained along with a new doublet at 73.5 ppm (J = 204 Hz). This doublet can be 

assigned to the complex 302, which has previously been synthesised by Weller and co-

workers.163 As no reaction had taken place the sample was heated to 80 °C for 10 

minutes, resulting in a subtle change in colour of the solution. The 31P{1H} NMR spectra 

showed a doublet-of-doublets at 57.6 ppm (J = 257, 134 Hz) which were comparable to 

the couplings seen previously, along with a broad signal at -2.3 ppm, indicative of the 

formation of 300. The sample has also been left in solution for over a week with no 

noticeable decomposition occurring. This particular synthesis is being pursued further for 

isolation of the desired complex. The 1H NMR spectrum has also been collected in this 

solvent and the spectrum obtained is shown in Fig. 5.26. The main observation of this 

spectrum is that there are multiple signals observed for the dimethylamido and methyl 

signals for the complex. This was confirmed by the HSQC spectrum which showed two 

peaks correlating to the same carbon at 3.08 and 2.99 ppm (dimethylamido) and 1.63 and 

1.56 ppm (methyl). This indicates that the complex either exists as multiple isomers in 

solution or, more likely, that the steric interactions in this complex lead to inequivalent 

protons, leading to splitting of the signals on the NMR timescale. However, more evidence 

is required to confirm this. One example of a technique that could be used is variable 

temperature (VT) NMR, if the signals coalesce upon temperature change this would 

confirm that it is one isomer and not multiple isomers in solution. 

 

 

Scheme 5.21 - Alternative synthesis of complex 300. The intermediate rhodium complex, 302, is 

also shown 
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Figure 5.26 - Evidence for the decomposition of 300 to 301.Top, mixture of 300 and 301. Bottom, 

301. Left, 
1
H NMR spectra. Right, 

31
P{

1
H} spectra 

 

When performing this reaction for a second time, after filtration a small doublet-of-doublets 

was observed at 58.5 ppm with coupling constants of 257 and 133 Hz which was 

accompanied with a second doublet-of-doublets at -3.2 ppm (J = 257, 116 Hz). These 

signals were comparable to the decomposition product that was seen after 1 week in 

DCM. At this point, an attempt was made to synthesise 301 in situ to determine the 

identity of this unknown compound (Scheme 5.22). Using a procedure similar to the 

synthesis of 296, 294 was reacted with 280 and NaBArF
4 and the 1H and 31P{1H } spectra 

were recorded. These spectra were superimposed with the spectra obtained for 300 (Fig. 

5.25) and the second species was identified as 301, proving that this complex undergoes 

similar decomposition routes to the PPh3 derivatives. 

 

 

Scheme 5.22 - In situ synthesis of 301 

CH 

 

CH2 

 

Me 

 

[Rh]-PCP [Rh]-dppe 

301 

300 
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One final experiment to try and confirm the formation of 300 was to synthesise the less 

bulky 303 (Scheme 5.23) to see if the same observations could be made by NMR 

spectroscopy. The synthesis was conducted in fluorobenzene and all characterisation was 

performed in the same solvent. Completion of the reaction yielded two sharp doublet-of-

doublets ([Rh]-dppe, 58.0 ppm, J = 257, 133 Hz; [Rh]-247 -4.6 ppm, J = 257, 115 Hz. Fig. 

5.27), compared to the broad signals observed for 300. The 1H spectrum is difficult to 

interpret as coupling of the phosphorus atoms gives broad signals or signals with complex 

coupling patterns, which leads to overlap of the methylene signals of both the dppe ligand 

and the diphosphine ligand. Decoupling the phosphorus from the proton spectrum clears 

up the overlapping signals by sharpening the signals (diphosphine, CH2 2.22 ppm; dppe 

CH2, 2.15 and 1.95 ppm), however, no H-H coupling is seen as the signals are still 

relatively broad. The dimethylamido signal for 303 was observed at 3.09 ppm, the methine 

signal was at 5.61 ppm and the ortho proton of the amide phenyl at 6.28 ppm. In relation 

to 300 this strongly suggests that sterics are leading to the splitting observed in the 1H 

NMR spectrum as this complex, which is less bulky, gives single signals for each 

functional group.  

 

 

Scheme 5.23 - Synthesis of 303 
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Figure 5.27 - NMR spectra for 303. Top, 
31

P{
1
H} spectrum. Bottom, 

1
H{

31
P } spectrum 

Conclusions and future work 

An alternative route to bulky 1,1-diphosphines has been developed (Scheme 5.6) using 

higher quantities of base to ensure formation of the desired ligands. The purification 

method for the ligands was also adapted to minimise exposure to air while in solution, 

reducing the possibility of losing ligand due to oxidation.  

 

The ligands developed for this section (280, 281) and a ligand synthesised previously in 

Chapter 4.2.3 (247), have been complexed with both titanium and rhodium independently 

to form a small library of complexes (Fig. 5.28), some of which have only been able to be 

characterised in situ as methods for synthesising 291 and 292 cleanly have not yet been 

developed. These model complexes were then used in the development of a synthetic 

route to bimetallic complexes (Fig. 5.29), with strong evidence obtained indicating the 

existence of these complexes in solution. 

 

[Rh]-247 
[Rh]-dppe 
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Figure 5.28 – Library of model complexes synthesised in this chapter 

 

Figure 5.29 - Bimetallic complexes synthesised in this chapter 

Future work for this project is to develop a crystallisation protocol for the reliable 

purification of all the complexes in this section. Not only will this guarantee pure product, if 

the crystals grown are single then structural determination by XRD is made possible and 

the isomers of the complexes confirmed. Further analysis needs to be performed on the 

bimetallic species (297/298/300/303) to confirm their structure. If a suitable solvent is 

found, mass spectrometry would be an ideal technique to confirm the structure of the 
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complexes due to the complexes being dicationic and so easily detected. One ionisation 

technique that could be used is field desorption (FD) as no solvent is required for this 

method. As was mentioned in Chapter 5.2.3.2, the identity of 300 is unclear, so VT NMR 

studies are required to understand the nature of the complex signals observed. Finally the 

complexes synthesised have all been made by starting with the titanium complexes and 

adding the rhodium precursors to them. Alternative routes from the rhodium precursors 

could be developed, this may allow for the synthesis of complexes bearing only one 

titanium and one rhodium due to the bulkiness of the starting precursors (Scheme 5.25).  

 

 

Scheme 5.24 - Potential route to 1:1 bimetallic complexes  
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Chapter 6 - Experimental 
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 Compounds in Chapter 2 6.1.

 General considerations A 6.1.1.

Solvents and reagents were obtained from commercial sources (Sigma Aldrich, Fisher, 

ACROS). Dimethylamine-borane was purified by sublimation before use. 

Diisopropylamine and N-benzylmethyl amine were dried over CaH2 and purified by 

distillation prior to use. Toluene, benzene and pentane were all dried over 

sodium/benzophenone prior to use. d6-Benzene (C6D6) and d1-chloroform (CDCl3) for 

NMR spectroscopy were used without further purification. Fe(nacnac) catalysts 87, 88 and 

90 were prepared using literature procedures.85,86 Where appropriate, reagents were 

handled under an inert atmosphere either using a Schlenk line (nitrogen) or a glove box 

(argon). Glassware was oven dried (100 ˚C) and flamed under vacuum where applicable. 

1H, 11B, 13C and 31P NMR spectra were recorded on a 400/500 Bruker or 500 Agilent 

spectrometer at 298 K unless stated otherwise. 1H and 13C NMR spectra were referenced 

to residual solvent peaks. 11B NMR spectra were referenced to BF3·Et2O (unless 

otherwise stated) and 31P NMR spectra were referenced to a capillary of H3PO4 in H2O. 

Chemical shifts are stated in ppm and coupling constants in Hz. GPC was carried out on a 

Malvern RI max Gel Permeation Chromatograph fitted with a GMHxl column at 35 ºC by 

George Whittell at the University of Bristol. Sample elution was detected using a 

differential refractometer. The samples were prepared using THF containing 1%w/w 

[nBu4N][Br], this was also used as the eluent at a flow rate of 1 mL min-1 .  

 

 Synthesis of starting materials  6.1.2.

 Preparation of amine- and phosphine-boranes  6.1.2.1.

This synthesis was adapted from a literature procedure.12 The corresponding 

amine/phosphine was placed in a Schlenk under an atmosphere of N2. The 

amine/phosphine was then cooled to -78 °C and a solution of BH3·THF in THF (1 M, 1.5 

eq) was added slowly dropwise, with stirring. The solution was stirred at RT for 16 hours. 

The solvent and excess BH3·THF were removed under vacuum, affording the product.  

 

Diphenylphosphine-borane (7)  

 

From H2PPh (521 µL, 3 mmol). White solid, 500 mg (95%).  

1H{11B} NMR (CDCl3, 300 MHz): δ 7.70-7.42 (m, 10 H, ArH), 6.31 (dq, 1JPH = 378.9, 3JHH = 

7.0, 1 H, PH), 1.08 (dd, 2JPH = 16.6, 3JH = 7.0, 3 H, BH3).  

11B NMR (C6D6, 160 MHz): δ -41.1 (qd, 1JHB = 98, 1JPB = 45).  

31P{1H} NMR (C6D6, 202 MHz): δ 1.3 (m).  
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The values are in accordance to the literature.164 

  

Dicyclohexylphosphine-borane (94) 

 

From HPCy2 (0.5 g, 2.5 mmol). White solid, 428 mg (81%).  

1H{11B} NMR (CDCl3, 300 MHz): δ 4.11 (ddq, 1JPH = 351.7, 3JHH = 11.2, 3JHH = 6.7, 1 H, 

PH), 2.04-1.71 (m, 12 H, CyH), 1.43- 1.17 (m, 10 H, CyH), 0.4 (dd, 2JPH = 15.8, 3JHH = 6.7, 

3 H, BH3).  

11B NMR (CDCl3, 160 MHz): δ - 44.5 (m).  

31P{1H} NMR (CDCl3, 202 MHz): δ 16.8 (m).  

The values are in accordance to literature.165  

 

Phenylphosphine-borane (11) 

 

From H2PPh (275 µL, 2.5 mmol). Off-white solid, 223 mg (71%).  

1H{11B} NMR (CDCl3, 300 MHz): δ 7.71 (dd, 3JHH = 12.2, 3JHH = 8.2, 2 H, m-H), 7.56-7.45 

(m, 3 H, o,p-H), 5.53 (dq, 1JPH = 371.7, 3JHH = 7.8, 2 H, PH2), 0.89 (dt, 2JPH = 16.1, 3JHH = 

7.8, 3 H, BH3).  

11B NMR (CDCl3, 160 MHz): δ -43.2 (qd, 1JHB = 101, 1JPB = 37).  

31P{1H} NMR (CDCl3, 202 MHz): δ -47.4 (m).  

The values are in accordance to the literature.166  

 

Cyclohexylphosphine-borane (96) 

 

From H2PCy (0.58 g, 5 mmol). Colourless oil, 552 mg (85%).  

1H{11B} NMR (CDCl3, 300 MHz): δ 4.38 (dqd, 1JPH = 356.8, 3JHH = 7.6, 3JHH = 5.6, 2 H, 

PH2), 1.98-1.70 (m, 6 H, CyH), 1.37-1.16 (m, 5 H, CyH), 0.54 (dd, 2JPH = 15.6, 3JHH = 7.6, 

3 H, BH3).  
11B NMR (CDCl3, 160 MHz): δ -44.4 (qd, 1JHB = 100, 1JPB = 39.6).  

31P{1H} NMR (CDCl3, 202 MHz): δ -33.8 (m).  

The 1H spectrum is in accordance with the literature.167 

 

 

 

 



186 
 

N-Benzylmethylamine-borane (98) 

 

From HNBnMe (323 µL, 2.5 mmol). White solid, 298 mg (88%).  

1H{11B} NMR (CDCl3, 300 MHz): δ 7.31-7.23 (m, 3 H, m,p-ArH), 7.18-7.13 (m, 2 H, o-

ArH), 4.16 (dd, 2JHH = 13.7, 3JHH = 2.8, 1 H, CH2), 3.85 (br. s, 1 H, NH), 3.37 (dd, 2JHH = 

13.7, 3JHH = 10.0, 1 H, CH2), 2.29 (d, 3JHH = 5.8, 3 H, CH3), 1.59 (d, 3JHH = 3.1, 3 H, BH3).  
11B NMR (CDCl3, 160 MHz): δ -14.6 (q, 1JHB = 98).  

13C{1H} NMR (C6D6, 126 MHz): δ 134.7 (i-Ar), 129.5 (o-Ar), 128.9 (m-Ar), 128.5 (p-Ar), 

60.9 (CH2), 39.9 (CH3).  

The values are in accordance to the literature.12  

 

Diisopropylamine-borane (34) 

 

From HNiPr2 (350 µL, 2.5 mmol). Colourless oil, 230 mg (80%).  

1H{11B} NMR (CDCl3, 300 MHz): δ 3.30-3.15 (m, 2 H, CH), 2.95 (br. s, 1 H, NH), 1.37 (d, 

3JHH = 3.3, 3 H, BH3), 1.27 (d, 3JHH = 6.6, 6 H, CH3), 1.26 (d, 3JHH = 6.5, 6 H, CH3).  

11B NMR (CDCl3, 160 MHz): δ -22.2 (q, 1JHB = 97).  

13C{1H} NMR (C6D6, 126 MHz): δ 51.8 (CH), 20.7 (CH3).  

The values are in accordance to the literature.12 

 

Tetramethylpiperidine-borane (100) 

 

From TMPNH2 (565 µL, 4 mmol). Colourless solid, 403 mg (65%).  

1H NMR (C6D6, 500 MHz): δ 2.42 (br. s, 1 H, NH), 2.23 (app. dd, J = 196.1, J = 95.6, 3 H, 

BH3), 1.25 (dt, 3JHH = 13.7, 3JHH = 3.3, 1 H, CH2), 1.20 (d, 3JHH = 4.1, 12 H, CH3), 1.10 (dt, 

3JHH = 14.1, 3JHH = 3.5, 1 H, CH2), 0.93 (dp, 3JHH = 14.2, 3JHH = 3.6, 2 H, CH2), 0.73 (td, 

3JHH = 13.8, 3JHH = 3.8, 2 H, CH2).  

11B NMR (C6D6, 160 MHz, unreferenced): δ -20.7 (q, 1JHB = 99).  

13C{1H} NMR (C6D6, 126 MHz): δ 40.2 (m-CH2), 33.4 (CH3) 20.2 (o-CH2), 16.2 (p-CH2).  

 

Aniline-borane (102) 

 



187 
 

The compound was synthesised using a literature procedure. BH3·SMe2 (0.24 mL, 2.5 

mmol) was suspended in hexane (5 mL) and cooled to -78 º. To this, aniline (0.21 mL, 2.3 

mmol) was added and the reaction mixture was allowed to warm to RT. A precipitate was 

formed during this time, which was filtered using a filter cannula and then washed with 

hexane (3 × 2 mL) and dried in vacuo. White solid, 189 mg (71%).  

 

1H{11B} NMR (CDCl3, 300 MHz): δ 7.44-7.06 (m, 5 H, ArH), 5.40 (br. s, 2 H, NH2), 1.91 (t, 

3JHH = 4.1, 3 H, BH3).  

11B NMR (CDCl3, 160 MHz, no reference): δ -15.8 (q, 1JHB = 100).  

13C{1H} NMR (C6D6, 126 MHz): δ 129.8, 129.0, 127.5, 125.4 123.3, 121.7.  

The values are in accordance to the literature.93  

 

nButylamine-borane (107) 

 

From H2N
nBu (250 µL, 0.25 mmol). Colourless oil 182 mg (84%).  

1H{11B} NMR (CDCl3, 300 MHz): δ 3.70 (br. s, 2 H, NH2), 2.81 (app. p, J = 7.2, 2 H, 

H2NCH2), 1.59 (app. p, J = 7.4, 2 H, H2CCH2CH2), 1.49 (s, 3 H, BH3), 1.35 (app. sext., J = 

7.5, 2 H, H2CCH2CH3), 1.35 (t, 3JHH = 7.3, 3 H, CH2CH3).  

11B NMR (CDCl3, 160 MHz, no reference): δ -19.3 (q, 1JHB = 97). 

13C{1H} NMR (C6D6, 126 MHz): δ 48.8 (H2NCH2), 31.3 (CH2CH2CH2), 19.9 (CH2CH2CH3), 

13.7 (CH3). 

 

 Synthesis of deuterated amine-boranes  6.1.2.2.

Me2DN·BH3 (14-ND) 

 

This compound was made using a literature procedure.15 Dimethylamine-borane (300 mg, 

5.1 mmol) was placed in a round bottom flask with D2O (2.5 mL). The solution was heated 

to 40 °C overnight. The product was then extracted with DCM (3 x 5 ml) and the solvent 

removed under vacuum. The product was then purified via sublimation. The product was 

isolated as a white solid, 200 mg (67%).  

 

1H{11B} NMR (CDCl3, 300 MHz): δ 2.53 (s, 6 H, CH3), 1.51 (s, 3 H, BH3).  

2H NMR (CHCl3, 500 MHz): δ 3.81 (s, ND).  

11B NMR (CDCl3, 160 MHz, unreferenced): δ -14.1 (q, 1JHB = 96).  

13C{1H} NMR (C6D6, 126 MHz): δ 44.4 (CH3).  

The values are in accordance to the literature.15 
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Me2HN·BD3 (14-BD) 

 

This compound has been synthesised using three methods. Method 1: This was adapted 

from a literature procedure.15 Dimethylamine (2 M, 1 mL) was placed in a Schlenk under 

an atmosphere of N2. To this, THF (2 mL) was added and the solution was cooled to -78 

°C. BD3·THF in THF (1 M, 2 mL) was added slowly dropwise, with stirring. The solution 

was then stirred at RT for 16 hours. The solvent and excess BD3·THF were removed 

under vacuum affording the crude product, which was then washed with hexane (3 × 1 

mL) and purified via sublimation. The product was obtained as a white solid, 35 mg (29%).  

 

Method 2: A Schlenk was charged with NaBD4 (0.5 g, 12.2 mmol) and was suspended in 

diglyme (10 mL). To a second flask Me2HN in THF (4.04 mL, 8.04 mmol, 2M) was added. 

A cannula was fitted between the two Schlenks with the cannula submersed in the THF 

solution and an exit needle was fitted. Iodine (1.55 g, 6.11 mmol) was dissolved in diglyme 

(6 mL) and this was added dropwise over 45 minutes to the NaBD4 suspension. On 

completion of the addition, a gentle stream of argon was passed through the THF solution 

for 1 hour to remove unreacted B2D6. The THF was removed under vacuum affording a 

white solid, 90 mg (18 %). 

 

Method 3: This was adapted from a literature procedure.168 Dimethylamine hydrochloride 

(612 mg, 7.5 mmol) was suspended in THF (6 mL) in a round bottom flask and cooled to 0 

ºC. NaBD4 (330 mg, 7.9mmol) was added in small portions and the reaction was stirred 

overnight. After this time the solvent was removed and the residue was washed with 5% 

NaOH solution. The compound was extracted using EtOAc (3 x 5 mL) before being dried 

with MgSO4. The solvent was removed under vacuum affording the product as a viscous 

oil. Yield: 163 mg (35%). The product obtained contains approximately 80% deuterium 

and should not be used for the synthesis of Me2HN·BD3 for kinetic isotope studies. 

 

1H NMR (CDCl3, 300 MHz): δ 3.81 (br. s, 1 H, NH), (2.57, d, 3JH = 5.8, 6 H, CH3).  

11B NMR (CDCl3, 160 MHz, unreferenced): δ -14.2 (br. s).  

13C{1H} NMR (CDCl3, 126 MHz): δ 44.7 (CH3).  

The values are in accordance to the literature.15 

 

Me2DN·BD3 (14-BDND) 

 

This compound was adapted from a literature procedure.15 Me2HN·BD3 (253 mg, 4.1 

mmol) was placed in a round bottom flask with D2O (2 mL). The solution was heated to 40 
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°C overnight. The product was then extracted with DCM (3 x 5 ml) and the solvent 

removed under vacuum. The product was then purified via sublimation. The product was 

isolated as a white solid, 200 mg (77%).  

 

1H NMR (CDCl3, 300 MHz): δ 2.54 (s, 6 H, CH3).  

2H NMR (CDCl3, 500 MHz): δ 3.98 (s, ND), 1.55 (br.)  

11B NMR (CDCl3, 160 MHz, unreferenced): δ -14.4 (s).  

13C{1H} NMR (C6D6, 126 MHz): δ 44.4 (CH3).  

The values are in accordance to the literature.15 

 

 Synthesis of amine-borane dimer (19)  6.1.2.3.

 

This synthesis adapted from a literature procedure.169 To a J-Young flask charged with 

dimethylamine-borane (592 mg, 13.1 mmol) was added a solution of BH3·THF (1 M, 20 

mL). The reaction was stirred at 60 ºC for 4 days and after this time a solution of Ph3P in 

THF was added to quench unreacted BH3·THF. The reaction was vacuum transferred and 

then cooled to -78ºC before adding a solution of dimethylamine (1.68 M, 7.81 mL) and 

stirring for a further day. The crude product was obtained by removing the solvent and 

purified by washing the solid produced with pentane. The product was obtained as a 

microcrystalline solid, 125 mg (7%).  

 

1H NMR (C6D6, 500 MHz): δ 4.97 (br. s, 1 H, NH), 2.42-1.74 (br. m, 5 H, BH2/BH3), 2.34 

(s, 6 H, NCH3), 1.82 (d, 3JHH = 5.6, 6 H, NHCH3).  

1H{11B} NMR (C6D6, 500 MHz): δ 4.97 (br. s, 1 H, NH), 2.34 (s, 6 H, NCH3), 2.15 (s, 3 H, 

BH3), 2.07 (s, 2 H, BH2), 1.82 (d, 3JHH = 5.6, 6 H, NHCH3).  

11B NMR (C6D6, 160 MHz, unreferenced): δ 2.1 (t, 1JHB = 110, BH2), -12.8 (q, 1JHB = 110, 

BH3).  

13C{1H} NMR (C6D6, 126 MHz): δ 52.5 (N(CH3)2), 42.7 (NH(CH3)2).  

 

 Phosphine-borane dehydrocoupling  6.1.3.

The phosphine-boranes (0.25 mmol) were added to a J-Young NMR tube in the glove 

box. To this, a solution of 87 (14.7 mg, 10 mol%) in toluene/d6-benzene (0.5 mL) was 

added and the solution was heated to 110 ºC. The reactions were left for 36 or 72 hours 

and after this time were analysed by NMR.  

 

 

 

 



190 
 

(Ph2PBH2)3 (9)  

 
31P NMR (C6D6, 202 MHz): -16.6 (br. s).  

11B NMR (CDCl3, 160 MHz): -30.9 (br. s).  

The values are in accordance to the literature.10 

 

H3B∙Cy2PBH2·PHCy2 (95)  

31P NMR (C6D6, 202 MHz): 16.4 (d, Cy2HP), -12.2 (s, PCy2).  

11B NMR (CDCl3, 160 MHz): -37.8 (br. s).   

 

(PhHPBH2)n (12) 

To PhH2P·BH3 (235 mg) was added toluene (3.5 mL) and 61 (61.6 mg, 6 mol%). The 

reaction was heated at 110 ºC for three days in a sealed Schlenk and the conversion was 

monitored by 31P NMR. The reaction was filtered away from the ‘insoluble’ materials 

before being poured into charcoal (in air) to remove the iron and filtered through a pipette 

fitted with a glass plug. 74 mg (61 %) of insoluble material obtained.  

 

31P NMR (C6D6, 202 MHz, no reference): -43.4 to -59.5 (br.).  

11B NMR (CDCl3, 160 MHz, no reference): Unknown species at 28.0 (br.), -34.3 (br.).  

Three peaks observed by GPC from two samples: ‘Insoluble’ material peak 1, Retention 

volume = 18.970 mL, RI area = 19.66 mvmL, Mn = 55,003 gmol-1, Mw = 101,852 gmol-1, 

PDI = 1.85. 

‘Insoluble’ material peak 2, Retention volume = 22.127 mL, RI area = 14.64 mvmL, Mn = 

650 gmol-1, Mw = 1983 gmol-1, PDI = 3.05. Soluble material, Retention volume = 21.993 

mL, RI area = 30.83 mvmL, Mn = 540 gmol-1, Mw = 705 gmol-1, PDI = 1.31  

 

(CyHPBH2)n (97) 

To CyH2P·BH3 (130 mg) was added toluene (2 mL) and 61 (56 mg, 10 mol%). The 

reaction was heated at 110 ºC for three days in a sealed Schlenk and the conversion was 

monitored by 31P NMR. The reaction was then poured into charcoal (in air) to remove the 

iron and filtered through a pipette fitted with a glass plug.  

 

31P NMR (C6D6, 202 MHz, no reference): -34.0 to - 47.0 (br.).  

11B NMR (CDCl3, 160 MHz, no reference): Unknown species at 27.5 (br.), -33.0 to -42.0 

(br.).  
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Two peaks observed by GPC: Retention volume = 18.347 mL, RI area = 2.24 mvmL, Mn = 

54,645 gmol-1, Mw = 68,574 gmol-1, PDI = 1.265. 

Retention volume = 21.997 mL, RI area = 28.71 mvmL, Mn = 579 gmol-1, Mw = 1063 gmol-

1, PDI = 1.84.  

 

 Amine-borane dehydrocoupling  6.1.4.

The amine-boranes (0.25 mmol) were added to a J-Young NMR tube in the glove box. To 

this, a solution of 87 (1.4 mg, 1 mol%) in d6-benzene (0.5 mL) was added. The reactions 

were left for 3-12 hours and after this time were analysed by NMR.  

 

(Me2NBH2)2 (15) 

 
1H{11B} NMR (C6D6, 500 MHz): δ 3.03 (s, 4 H, BH2), 2.24 (s, 12 H, CH3). 

11B NMR (C6D6, 160 MHz): δ 4.60 (t, 1JHB = 109.4). 

13C{1H} NMR (C6D6, 126 MHz): δ 51.7 (CH3).  

The values are in accordance to the literature.15  

 

(MeBnNBH2)2 (99) 

 

Once the reaction was complete the reaction mixture was filtered with charcoal to remove 

the iron from the reaction and the solvent and volatile compounds removed under 

vacuum. Isolated as an off-white solid. 23 mg (69%). 

 

1H{11B} NMR (C6D6, 300 MHz): δ 7.45-7.31 (m, 4 H, o-ArH), 7.26-7.06 (m, 6 H, m,p-ArH), 

3.94 (s, 2 H, trans-CH2), 3.90 (s, 2 H, cis-CH2), 3.74-3.12 (m, 4 H, BH2), 2.35 (s, 3 H, cis-

CH3), 2.32 (s, 3 H, trans-CH3).  

11B NMR (C6D6, 160 MHz): δ 4.3 (m).  

13C{1H} NMR (C6D6, 126 MHz): δ 136.9 (trans-i-Ar), 136.8 (cis-i-Ar), 130.1 (cis-m-Ar), 

129.9 (trans-m-Ar), 128.6 (trans-o-Ar), 128.5 (cis-o-Ar), 128.0 (cis-p-Ar),127.9 (trans-p-Ar) 

67.1 (trans-CH2), 66.6 (cis-CH2), 48.4 (cis-CH3), 47.7 (trans-CH3).  

The values are in accordance to the literature.15  

 

iPr2NBH2 (35) 
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1H{11B} NMR (C6D6, 300 MHz): δ 4.76 (s, 2 H, BH2), 3.29-3.01 (m, 2 H, CH), 1.04 (d, 3JHH 

= 6.6, 12 H, CH3).  

11B NMR (C6D6, 160 MHz): δ 34.8 (t, 1JHB = 127.2).  

13C{1H} NMR (C6D6, 126 MHz): 52.4 (CH), 21.7 (CH3).  

The values are in accordance to the literature.15 

 

TMPBH2 (101) 

 
1H{11B} NMR (C6D6, 300 MHz): δ 5.10 (s, 2 H, BH2), 1.59-1.32 (m, 6 H, CH2), 1.30 (s, 12 

H, CH3).  

11B NMR (C6D6, 160 MHz): δ 37.5 (t, 1JHB = 127.4).  

13C{1H} NMR (C6D6, 75 MHz): δ 55.5 (3/4-CH2), 39.0 (2/6-CH2), 35.1 (CH3), 16.9 (3-CH2).  

 

 Synthesis of catalytic intermediates 6.1.5.

[Fe(nacnac)dippPPh2BH2PPh2BH3] (109)  

 

 

A J-Young NMR tube was charged with [Fe(nacnac)dippCH2SiMe3] (87, 20 mg, 0.036 

mmol) and to this was added C6D6 (approx. 0.5 mL). Ph2HP·BH3 (7, 14 mg, 0.072 mmol) 

was added and the reaction mixed before heating to 100 °C. The reaction was heated for 

3 hours with periodic monitoring of the solution by 31P NMR and the reaction was deemed 

complete upon the loss of the signal of Ph2HP·BH3. The complex has not been isolated 

cleanly.  

 

1H NMR (C6D6, 500 MHz): δ 165.7, 76.5, 26.9, 19.3, 18.5, 17.9, 15.1, 14.8, 12.4, 10.0, 9.8, 

9.4, 1.9, -1.9, -2.5, -3.1, -10.4, -12.4, -15.3, -20.3, -22.4, -28.7, -32.5, -33.2, -43.0, -45.1, -

66.6, -70.6.  

11B NMR (C6D6, 160 MHz): δ 1084, 303. 

31P NMR (C6D6, 202 MHz): δ -400. One signal not found. 
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[Fe(nacnac)dippNMe2BH2NMe2BH3] (111)  

 

This complex has been synthesised using two different methods.  

 

Method 1: A 10 mL vial was charged with [Fe(nacnac)dippCH2SiMe3] (87, 100 mg, 0.18 

mmol) and to this was added pentane (approx. 1 mL). Me2HN·BH3 (21 mg, 0.36 mmol) 

was added to the vial slowly. The reaction was stirred overnight and once completed 

toluene was added dropwise until the precipitate dissolved. The reaction was filtered 

through a pipet fitted with a glass fibre plug and the solution was placed in the freezer (-35 

ºC) to crystallise. The compound was isolated as a yellow crystalline solid 56 mg (53%).  

 

Method 2: A Schlenk was charged with [Fe(nacnac)dippCH2SiMe3] (61, 100 mg, 0.19 mmol) 

and the amine-borane dimer (7, 25 mg, 0.18 mmol). Pentane (2 mL) was added resulting 

in the formation of a yellow precipitate. The reaction was stirred overnight and the solvent 

removed by filtration. The solid was dried under vacuum, yielding a yellow microcrystalline 

powder. 41 mg (39%).  

 

1H NMR (C6D6, 500 MHz): δ 160.91, 60.72, 22.82, 12.42, -8.21, - 13.94, -19.06, -31.32, -

33.78, -34.93, -58.76, -60.03, -69.87.  

11B NMR (C6D6, 160 MHz): δ 793, 683. 

Melting point: 123-125 ºC.  

IR (solid): 2962, 2932, 2869, 2426, 2343, 2267 1520, 1431, 1384, 1308, 789, 759 cm-1.  

CHN analysis: Calculated for C33H58B2FeN4: C, 67.4; H, 9.9; N, 9.5. Found: C, 67.0; H, 

10.0; N, 9.2. 

 

 Compounds in Chapter 3  6.2.

 General considerations B 6.2.1.

Reagents were purchased from Sigma Aldrich or Alfa Aesar and dried/distilled before use. 

Laboratory grade dichloromethane, pentane and were purchased from Fisher Scientific 

and used without further purification, benzene was dried with Na/benzophenone and 

distilled. Pre-catalyst 87 was synthesised using a literature procedure.86 NMR data was 

collected at 300, 400 or 500 MHz on Bruker or Agilent instruments in C6D6 or CDCl3 at 

298 K and referenced to residual protic solvent. Chemical shifts are stated in ppm and 
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coupling constants in Hz. All catalytic reactions were undertaken in Teflon-sealed J-Young 

reaction tubes and carried out under an inert atmosphere using standard Schlenk and 

glovebox techniques, unless otherwise stated. Mass spectrometry data was obtained from 

the National Mass Spectrometry facility in Swansea.  

 

 Starting materials 6.2.2.

 Synthesis of DBpin 6.2.2.1.

A Schlenk was charged with NaBD4 (0.5 g, 12.2 mmol) and was suspended in diglyme (10 

mL). To a second Schlenk pinacol (0.48 g, 4.08 mmol) was dissolved in C6D6 (3 mL). A 

cannula was fitted between the two Schlenks with the cannula submersed in the C6D6 

solution. An exit needle was fitted to this flask. Iodine (1.55 g, 6.11 mmol) was dissolved in 

diglyme (6 mL) and this was added dropwise over 45 minutes to the NaBD4 suspension. 

On completion of the addition, a gentle stream of argon was passed through the C6D6 

solution for 1 hour to remove unreacted B2D6. The solution was then analysed by NMR 

and concentration calculated from addition of a standard.  

 

Notes on synthetic procedures: 

 Glassware should be dried thoroughly overnight/flame dried on a Schlenk line.  

 All reagents were added/stored in an argon-filled glove box (all are hygroscopic).  

 An argon atmosphere was used using synthesis. 

 Suba seals must seal well to the cannula that connects the two flasks, if the hole is 

too large the B2D6 generated will leak out. A relatively short cannula is also needed 

otherwise the reaction does not reach completion.  

 Once synthesised, the DBpin was purged with a slow flow of argon for at least one 

hour, up to 1 h 30. This removes of unreacted B2D6. 

 DBpin was stored in a glovebox freezer (-20 °C) with analysis by NMR prior to 

each use to confirm purity.  

 

1H NMR (400 MHz, C6D6): δ 1.00 (s, 9H, CH3). 

11B NMR (128 MHz, C6D6): δ 27.2. 

 

 Synthesis of allylaniline (135) 6.2.2.2.

This procedure was adapted from the literature.170,171 Into a flame-dried Schlenk-flask 

were introduced p-toluidine (15.0 mmol, 1.0 eq.), allylbromide (1.31 mL, 15.0 mmol, 1.0 

eq.), K2CO3 (4.95 g, 36 mmol, 2.4 eq.) and DMF (35 mL). The flask was equipped with a 

stopper and the reaction mixture heated to 70 °C overnight. The mixture was allowed to 

cool down to RT and washed with water (10 mL). The aqueous phase was extracted with 

diethyl ether (4x25 mL). The combined organic layers were washed with brine (3x30 mL), 
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dried and concentrated to provide the crude N-allylaniline. The N-allylaniline was purified 

by column chromatography (silica gel, petroleum ether/DCM, 3/1, v/v) to remove the 

undesired N,N-diallylaniline.  

 

N-allylaniline (735.5 mg, 5 mmol) was added to a microwave tube with dry xylene (4 mL), 

sealed and the flask purged with N2. To this solution was added BF3·OEt2 (0.7 mL, 5.5 

mmol). The reaction was heated in a microwave reactor for 2h at 180 °C. Once complete, 

2M NaOH (10 mL) was added and the crude product extracted with EtOAc (3x10 mL). 

The organic layer was dried over MgSO4 and the solvent removed in vacuo. The crude 

allylaniline was purified by column chromatography (silica gel, petroleum ether/EtOAc, 

12/19:1, v/v). 135 was isolated as a colourless oil. 543 mg (74%). 

 

 
1H NMR (CDCl3, 300 MHz): δ 6.94 – 6.92 (m, 2H, Ar), 6.65 – 6.63 (m, 1H, Ar), 6.04 – 5.95 

(m, 1H, CH=CH2), 5.19 – 5.12 (m, 2H, CH=CH2), 3.57 (br. s, 2H, NH2), 3.34 – 3.32 (m, 

2H, CH2), 2.29 (s, 3H, CH3). 

13C{1H} NMR (CDCl3, 75 MHz): δ 142.3 (CAr), 136.2 (CH=CH2), 130.8 (CHAr), 128.1 (CAr), 

128.0 (CHAr), 124.2 (CAr), 116.1 (CHAr), 116.0 (CH=CH2), 36.6 (CH2), 20.6 (CH3).  

 

 Styrene synthesis 6.2.2.3.

4-(trifluoromethyl)styrene (133) 

 

The compound was synthesised using an adapted literature procedure.172 4-

(trifluoromethyl)benzaldehyde (240 µL, 1.8 mmol) was added to dioxane (3 mL) followed 

by potassium carbonate (400 mg, 2.9 mmol, 1.6 eq.) and MePPh3I (873 mg, 2.2 mmol, 1.2 

eq.). The reaction was heated to 105 ˚C overnight. The solvent was removed in vacuo and 

the crude compound was purified by column chromatography (silica gel, petroleum ether). 

The product was obtained as a colourless oil. Yield: 228 mg (25 %). 

 

1H NMR (C6D6, 300 MHz): δ 7.27 (d, J = 8.1, 2H, ArH), 6.94 (d, J = 8.1, 2H, ArH), 6.34 

(dd, J = 17.6, 10.9, 1H, HC=CH2), 5.46 (d, J = 17.6, 1H, HC=CH2), 5.03 (d, J = 10.9, 1H, 

HC=CH2). 

19F NMR (C6D6, 470 MHz): δ -69.4. 
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 General method for deuterium labelling (Chapter 3.1.2) 6.2.3.

 Method for deuteration of alkenes with aniline: 6.2.3.1.

14 mg (10 mol%) of 87 was weighed out into a Young tap NMR tube with 0.5 mL of C6D6. 

aniline (0.25 mmol) was added first and then the corresponding alkene (0.25 mmol, 1 eq.), 

followed by pinacolborane (0.25 mmol, 1 eq.). After 16 hours the product was isolated by 

exposing the solution to air and filtering through a silica gel plug using pentane (in the 

case of non-volatile products). Solvent was removed by blowing nitrogen over the oil. 

Volatile products were purified by trap-to-trap distillation. 

 

 Method for deuteration of substrates with protic sources: 6.2.3.2.

14 mg (10 mol%) of 87 was weighed out into a Young tap NMR tube. After addition of 0.5 

mL of C6D6 the corresponding substrate (0.25 mmol, 1 equiv.) was added followed by 

pinacolborane (0.25 mmol, 1 equiv.). After the time and temperature required for each 

substrate the product was isolated for yield and characterization purposes exposing the 

solution to air and filtering through a silica gel plug using CH2Cl2. Solvent was removed by 

blowing nitrogen over the oil.  

 

 Deuteration with d2-aniline and HBpin 6.2.4.

1-deuterooctane (124-a) 

Major     Minor 

1H NMR (C6D6, 500 MHz): δ 1.32-1.27 (m, 12H, CH2CH2CH2CH2D & CH2CH2CHDCH3, 

0.93-0.88 (m, 5H, CH2D & CH3).  

2H NMR (C6D6, 77 MHz): δ 1.23 (CHD, minor), 0.87 (CH2D, major).  

13C{1H} NMR (C6D6, 126 MHz): δ 32.4, 32.3, 29.8, 23.1, 23.1, 14.4, 14.1 (t, 1JD = 19, 

CH2D).  

HRMS (EI): Calculated: 115.1471, Observed: 115.1473. Non-deuterated 124 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.173 

 

1,2-epoxy-6-deuterohexane (126-a) 

Major     Minor 

1H NMR (C6D6, 500 MHz): δ 2.58-2.55 (m, 1H, OCH), 2.36-2.34 (m, 1H, OCH2), 2.08-2.07 

(m, 1H, OCH2), 1.33-1.13 (m, 6H, CH2CH2CH2CH2D & CH2CH2CH2DCH3), 0.81-0.76 (m, 

2H, CH2D & CH3). 

2H NMR (C6D6, 77 MHz): δ 1.14 (CHD, minor), 0.76 (CH2D, major).  
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13C{1H} NMR (C6D6, 126 MHz): δ 51.8 (OCH), 46.4 (OCH2), 32.6, 28.4, 22.7, 14.2 (CH3), 

13.9 (t, 1JD = 19, CH2D). Minor product is not observed in the 13C spectrum.  

HRMS (EI): Calculated: 101.0951, Observed: 101.0955. Non-deuterated 126 is also 

present in the observed spectrum. 

 

1-(3-deuteropropyl)benzene (128-a) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ 7.31-7.28 (m, 2H, Ar), 7.21-7.18 (m, 3H, Ar), 2.61 (t, J = 7.4, 

2H, CH2Ar), 1.66 (pent., J = 7.4, 2H, CH2CH2D & CHDCH3), 0.98-0.93 (m, 2H, CH2CH2D 

& CHDCH3).  

2H NMR (CDCl3, 77 MHz): δ 1.67 (CHDCH3, minor), 0.98 (CH2D, major).  

13C{1H} NMR (CDCl3, 126 MHz): δ 142.8 (Arip), 128.6, 128.3 (2xArm, 2xAro), 125.7 (Arp), 

38.2 (ArCH2), 24.6 (CH2CH3), 24.3 (t, 1JD = 19, CHDCH3, minor), 14.0 (CH3), 13.7 (t, 1JD = 

19, CH2D, major).  

HRMS (EI): Calculated: 121.1002, Observed: 121.1003. Non-deuterated 128 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.174 

 

1-(2-deuteroethyl)benzene (130-a) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ 7.3- 7.27 (m, 2H, Ar), 7.20-7.16 (m, 3H, Ar), 2.65 (t, J = 7.5, 

2H, CH2 & CHD), 1.26-1.21 (m, 2H, CH3 & CH2D).  

2H NMR (CDCl3, 77 MHz): δ 2.63 (CHD, minor), 1.22 (CH2D, major).  

13C{1H} NMR (CDCl3, 126 MHz): δ 144.4 (Arip), 128.4, 128.0 (2xArm, 2xAro), 125.7 (Arp), 

29.0 (CH2), 15.7 (CH3), 15.5 (t, 1JD = 19, CH2D). Minor product is not observed in the 13C 

spectrum.  

HRMS (EI): Calculated: 107.0845, Observed: 107.0848. Non-deuterated 130 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.173 

 

1-(2-deuteroethyl)-4-methoxybenzene (132-a) 

Major     Minor 
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1H NMR (CDCl3, 500 MHz): δ 7.12 (d, J = 8.5, 2H, Ar), 6.84 (d, J = 8.5, 2H, Ar), 3.79 (s, 

3H, CH3O), 2.62-2.58 (m, 2H, CH2 & CHD), 1.23-1.18 (m, 2H, CH2D & CH3).   

2H NMR (CDCl3, 77 MHz): δ 2.57 (CHD, minor), 1.21 (CH2D, major).   

13C{1H} NMR (CDCl3, 126 MHz): δ 157.8 (Arp), 136.5 (Arip), 128.8 113.9 (2xArm, 2xAro), 

55.4 (OCH3), 28.1, 28.0, 27.8 (t, 1JD = 19, CHD, minor), 16.0, 16.0, 15.7 (t, 1JD = 19, 

CH2D, major).  

HRMS (EI): Calculated: 137.0951, Observed: 137.0952. Non-deuterated 132 is also 

present in the observed spectrum. 

 

1-(2-deuteroethyl)-4-(trifluoromethyl)benzene (134-a) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ 7.53 (d, J = 8.0, 2H, Ar), 7.30 (d, J = 8.0, 2H, Ar), 2.73-2.69 

(m, 2H, CH2 &CHD), 1.27-1.22 (m, 2H, CH2D &CH3).  

2H NMR (CDCl3, 77 MHz): δ 2.71 (CHD, minor), 1.27 (CH2D, major).  

13C{1H} NMR (CDCl3, 126 MHz): δ 148.4 (Arip), 128.3 (2xAro), 125.4 (q, J = 3.8, 2xArm), 

124.6 (q, J = 271.7, 2xArm), 28.9, 28.8, 28.6 (t, 1JD = 19), 15.5, 15.4, 15.2 (t, 1JD = 19).  

HRMS (EI): Calculated: 175.0719, Observed: 175.0720. Non-deuterated 134 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.175 

 

2-(3-deuteropropyl)-4-methylaniline (136-a) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ 6.88 (s, 1H, Ar), 6.86 (d, J = 7.9, 1H, Ar), 6.61 (d, J = 7.9, 

1H, Ar), 3.49 (br. s, 2H, NH2), 2.46 (t, J = 7.8, 2H, CH2Ar), 2.26 (s, 3H, ArCH3), 1.65 (app. 

pent., J = 7.4, 2H, CH2CH2D & CHDCH3), 1.03-0.98 (m, 2H, CH2CH2D & CHDCH3).  

2H NMR (CDCl3, 77 MHz): δ 1.67 (CHDCH3, minor), 1.03 (CH2D, major).  

13C{1H} NMR (CDCl3, 126 MHz): δ 141.6, 130.32, 128.0, 127.4, 127.1, 115.8, 33.5 

(ArCH2), 22.2 (CH2CH3), 22.2 (CH2CH2D), 20.6 (ArCH3), 14.4 (CH3), 14.1 (t, 1JD = 19, 

CH2D, major). Minor product is not observed in the 13C spectrum, some fully protonated 

product is observed.  

HRMS (EI): Calculated: 151.1340, Observed: 151.1336. Non-deuterated 136 is also 

present in the observed spectrum. 
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2-(3-deuteropropyl)phenol (138-a) 

Major          Minor      Minor 

1H NMR (CDCl3, 500 MHz): δ 7.15-7.09 (m, 2H, Ar), 6.91-6.88 (m, 1H, Ar), 6.78 (d, J = 

8.5, 1H, Ar), 2.63-2.59 (m, 2H, CH2Ar), 1.71-1.64 (app. h, J = 7.4, 2H, CH2CH2D & 

CHDCH3), 1.00 (t, J = 7.4, 3H, CH2CH2D & CHDCH3).  

2H NMR (CDCl3, 77 MHz): δ 2.62 (CHDCHDCH3, minor), 1.67 (CHDCH3, minor), 0.98 

(CH2D, major).  

13C{1H} NMR (CDCl3, 126 MHz): δ 153.6, 130.4, 128.5, 127.2, 120.9, 115.3, 32.1 (ArCH2), 

23.0 (CH2CH3), 23.0 (CH2CH3), 22.7 (t, 1JD = 19, CHDCH3, minor), 14.2 (CH3), 14.1 (CH3) 

13.9 (t, 1JD = 19, CH2D, major).  

HRMS (EI): Calculated: 137.0951, Observed: 137.0952. Non-deuterated 138 is also 

present in the observed spectrum 

 

 Deuteration with aniline and DBpin 6.2.5.

2-deuterooctane (124-b) 

Major     Minor 

1H NMR (C6D6, 500 MHz): δ 1.33-1.27 (m, 12H, CH2CH2CHDCH3 & CH2CH2CH2CH2D, 

0.93-0.88 (m, 6H, CH3 & CH2D).  

2H NMR (C6D6, 77 MHz): δ 1.23 (CHD, major), 0.86 (CH2D, minor).  

13C{1H} NMR (C6D6, 126 MHz): δ 32.4, 32.3, 29.8, 23.2, 22.8 (t, 1JD = 19, CH2D), 23.1, 

14.4, 14.3.  

HRMS (EI): Calculated: 115.1471, Observed: 115.1475. 

 

1,2-epoxy-5-deuterohexane (126-b) 

Major     Minor 

1H NMR (C6D6, 500 MHz): δ 2.59-2.56 (m, 1H, OCH), 2.36-2.35 (m, 1H, OCH2), 2.09-2.08 

(m,1H, OCH2), 1.33-1.13 (m, 5H, CH2CH2CH2DCH3 & CH2CH2CH2CH2D), 0.80-0.79 (m, 

3H, CH3 & CH2D).  

2H NMR (C6D6, 77 MHz): δ 1.13 (CHD, major), 0.76 (CH2D, minor).  

13C{1H} NMR (C6D6, 126 MHz): δ 51.8 (OCH), 46.4 (OCH2), 32.5, 28.3, 22.7 (t, 1JD = 19, 

CHD), 22.4, 14.0 (CH3), 13.9 (t, 1JD = 19, CH2D). Minor product is not observed in the 13C 

spectrum.  
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HRMS (EI): Calculated: 101.0951, Observed: 101.0953. Non-deuterated 126 is also 

present in the observed spectrum. 

 

1-(2-deuteropropyl)benzene (128-b) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ 7.31-7.28 (m, 2H, Ar), 7.20-7.18 (m, 3H, Ar), 2.60 (d, J = 

7.7, 2H, CH2Ar), 1.69-1.60 (m, 1H, CHDCH3  & CH2CH2D), 0.98-0.93 (m, 3H, CHDCH3  & 

CH2CH2D).  

2H NMR (CDCl3, 77 MHz): δ 1.65 (CHDCH3, major), 0.94 (CH2D, minor).  

13C{1H} NMR (CDCl3, 126 MHz): δ 142.8 (Arip), 128.6, 128.3 (2xArm, 2xAro), 125.7 (Arp), 

38.1 (ArCH2), 24.6 (CH2CH3), 24.3 (t, 1JD = 19, CHDCH3, major), 14.0 (CH3), 13.9. Minor 

product is not observed in the 13C spectrum.  

HRMS (EI): Calculated: 121.1002, Observed: 121.1003. Non-deuterated 128 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.176 

 

1-(1-deuteroethyl)benzene (130-b) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ 7.3- 7.27 (m, 2H, Ar), 7.21-7.17 (m, 3H, Ar), 2.68-2.61 (m, 

1H, CHD & CH2), 1.25-1.23 (m, 3H, CH2D & CH3).  

2H NMR (CDCl3, 77 MHz): δ 2.67l (CHD, major), 1.26 (CH2D, minor).  

13C{1H} NMR (CDCl3, 126 MHz): δ 144.4 (Arip), 128.5, 128.0 (2xArm, 2xAro), 125.7 (Arp), 

29.0 (CH2), 28.7 (t, 1JD = 19, CHD), 15.7 (CH3). Minor product is not observed in the 13C 

spectrum. The values for the major product are in accordance with the literature.  

HRMS (EI): Calculated: 107.0845, Observed: 107.0845. Non-deuterated 130 is also 

present in the observed spectrum.177  

 

1-(1-deuteroethyl)-4-methoxybenzene (132-b) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ . 7.14 (d, J = 8.5, 2H, Ar), 6.86 (d, J = 8.5, 2H, Ar), 3.81 (s, 

3H, CH3O), 2.64-2.58 (m, 1H, CHD & CH2), 1.25-1.12 (m, 3H, CH3 & CH2D).   

2H NMR (CDCl3, 77 MHz): δ 2.62 (CHD, major), 1.24 (CH2D, minor).   
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13C{1H} NMR (CDCl3, 126 MHz): δ 157.8 (Arp), 136.5 (Arip), 128.8 113.9 (2xArm, 2xAro), 

55.4 (OCH3), 28.1, 28.0, 27.8 (t, 1JD = 19, CHD, major), 16.0, 16.0. Minor product is not 

observed in the 13C spectrum.  

HRMS (EI): Calculated: 137.0951, Observed: 137.0950. Non-deuterated 132 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.178 

 

1-(1-deuteroethyl)-4-(trifluoromethyl)benzene (134-b) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ 7.53 (d, J = 8.0, 2H, Ar), 7.30 (d, J = 8.0, 2H, Ar), 2.73-2.67 

(m, 1H, CHD & CH2), 1.28-1.23 (m, 3H, CH3 & CH2D).  

2H NMR (CDCl3, 77 MHz): δ 2.72 (CHD, major), 1.28 (CH2D, minor).  

13C{1H} NMR (CDCl3, 126 MHz): δ 148.4 (Arip), 128.3 (2xAro), 125.4 (q, 3JF = 3.8, 2xArm), 

124.6 (q, 1JF = 271.6, CF3), 28.8, 28.6 (t, 1JD = 19), 15.4, 15.2 (t, 1JD = 19).  

19F (CDCl3, 470 MHz): δ -62.3 (s).  

HRMS (EI): Calculated: 175.0719, Observed: 175.0717. Non-deuterated 134 is also 

present in the observed spectrum. 

 

2-(2-deuteropropyl)-4-methylaniline (136-b) 

Major     Minor      

1H NMR (CDCl3, 500 MHz): δ 6.87 (s, 1H, Ar), 6.85 (d, J = 8.2, 1H, Ar), 6.62 (d, J = 8.2, 

1H, Ar), 2.45 (d, J = 7.8, 2H, Ar CH2CHD), 2.24 (s, 3H, ArCH3), 1.67-1.59 (m, 2H, 

CHDCH3 & CH2CH2D), 0.99 (d, J = 2.4, 2H, CH2CH2D & CHDCH3).  

2H NMR (CDCl3, 77 MHz): δ 1.64 (CHDCH3, major), 1.01 (CH2D, minor).  

13C{1H} NMR (CDCl3, 126 MHz): δ 141.2, 130.2, 128.1, 127.3, 127.1, 115.8, 33.3 (ArCH2), 

22.1 (CH2CH3), 22.1 (CH2CH2D), 21.8 (t, 1JD = 19, CHDCH3, major), 20.5 (ArCH3), 14.2 

(CH2CH3) 14.1 (CHDCH3). Only one peak observed for the minor product.  

HRMS (EI): Calculated: 150.1267, Observed: 150.1262. Non-deuterated 136 is also 

present in the observed spectrum. 

 

2-(3-deuteropropyl)phenol (138-b) 

Major          Minor      Minor 
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1H NMR (CDCl3, 500 MHz): δ 7.12-7.06 (m, 2H, Ar), 6.88-6.85 (m, 1H, Ar), 6.76 (d, J = 

8.0, 1H, Ar), 2.60-2.57 (m, 2H, CH2Ar), 1.71-1.64 (app. pent., J = 7.5, 2H, CH2CH2D & 

CHDCH3), 0.98 (t, J = 7.5, 3H, CH2CH2D & CHDCH3).  

2H NMR (CDCl3, 77 MHz): δ 2.61 (CHDCHDCH3, minor), 1.66 (CHDCH3, minor), 1.00 

(CH2D, major).  

13C{1H} NMR (CDCl3, 126 MHz): δ 153.6, 130.4, 128.5, 127.2, 120.9, 115.3, 32.1 (ArCH2), 

23.0 (CH2CH3), 23.0 (CH2CH3), 22.7 (t, 1JD = 19, CHDCH3, minor), 14.2 (CH3), 14.0 (CH3) 

13.9 (t, 1JD = 19, CH2D, major).  

HRMS (EI): Calculated: 137.0951, Observed: 137.0953. Non-deuterated 138 is also 

present in the observed spectrum. 

 

 Synthesis of intermediate complexes 6.2.6.

Fe(nacnac)dipp(CH2SiMe3)(DMAP) (141) 

 

A small vial was charged with 87 (75 mg, 0.13 mmol) and dissolved in pentane 

(2.5 mL). To this solution n-butylamine (13.2 µL, 0.13 mmol, 1 eq.) was added and 

shook to mix the reagents resulting in a red/orange solution. DMAP (16 mg, 0.13 

mmol, 1eq.) was added to the solution yielding an orange polycrystalline solid. 

Crystals suitable for XRD were grown from a pentane/toluene solution at -20 ºC. 

Yield: 46 mg (52 %). 

 

1H NMR (C6D6, 500 MHz): δ 24.38, 16.92, 9.48 (br.), -2.18 (br.), -12.30 (br.), 

27.09, -37.42, -61.21, -78.57. 

 

[Fe(nacnac)dipp(NHnBu)]2 (142) 

 

A small vial was charged with 87 (75 mg, 0.13 mmol) and dissolved in pentane 

(2.5 mL). To this solution butylamine (13.2 µL, 0.13 mmol) was added and shook 
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to mix the reagents resulting in a red/orange solution. The solution was left without 

stirring overnight forming a yellow crystalline solid suitable for x-ray diffraction. If 

the solution is stirred the compound is obtained as a yellow microcrystalline 

powder. Yield: 60 mg (85 %). 

 

Fe(nacnac)dipp(NHPh) (143) 

 

A small vial was charged with 87 (75 mg, 0.13 mmol) and dissolved in pentane 

(2.5 mL). To this solution aniline (12.2 µL, 0.13 mmol, 1 eq.) was added and shook 

to mix the reagents. A red microcrystalline solid crashed out so toluene was added 

till the precipitate dissolved. The solution was placed in a freezer (-20˚C) forming 

orange crystals suitable for XRD. Spectroscopic conversion, 100%.    

 

1H NMR (C6D6, 500 MHz): 110.04, 80.17, 18.64, 10.92, -9.61, -20.67, -54.27, -

80.06, -107.62, -115.26. 

 

144 

 

A J-Young NMR tube was charged with 87 (20 mg, 0.04 mmol) and dissolved in 

C6H6 (0.5 mL). To this solution 135 (5.3 mg, 0.04 mmol, 1 eq.) was added and the 

reagents mixed thoroughly. After 2h the solvent was removed in vacuo and the 

complex dissolved in pentane. The solution was placed in a freezer (-20˚C) 

forming orange crystals suitable for XRD. Spectroscopic conversion, 100%. 

 

1H NMR (C6D6, 500 MHz): 119.11, 68.65, 48.63, 21.92, 3.42, -2.32, -24.34, -30.55, 

-85.41. 

 

 Transfer hydrogenation with silanes and amines 6.2.7.

Hexane (153) 
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Spectroscopic yield: 68 %. 

1H NMR (C6D6, 500 MHz): δ 1.31 – 1.21 (m, 8H, CH2), 0.89 (t, J = 7.0, 6H, CH3). 

13C{1H} NMR (C6D6, 126 MHz): δ 32.0 (CH2), 23.1(CH2), 14.4 (CH3).  

Data comparable to a sample of the commercially available material. 

  

Octane (124) 

 

Spectroscopic yield: 80 %. 

1H NMR (C6D6, 500 MHz): δ 1.33 – 1.21 (m, 12H, CH2), 0.86 (t, J = 6.9, 6H, CH3). 

13C{1H} NMR (C6D6, 126 MHz): δ 32.4 (CH2), 29.8 (CH2), 23.1 (CH2), 14.4 (CH3).  

Data comparable to a sample of the commercially available material. 

 

1,2-epoxyhexane (126) 

 

Spectroscopic yield: 56 %. 

1H NMR (C6D6, 400 MHz): δ 2.59 – 2.56 (m, 1H, O-CH), 2.37 – 2.34 (m, 1H, O-CH2), 2.09 

– 2.07 (m, 1H, O-CH2), 1.33 – 1.14 (m, 6H, CH2), 0.80 (t, J = 7.0, 3H, CH3). 

13C{1H} NMR (C6D6, 101 MHz): δ 51.8 (O-CH), 46.4 (O-CH2), 32.6, 28.4, 22.8 (O-CH2), 

14.2 (CH3).  

Data comparable to the literature.179 

 

1-propylbenzene (128) 

 

Spectroscopic yield: 70 %. 

1H NMR (CDCl3, 500 MHz): δ 7.18 – 7.15 (m, 2H, Ar), 7.09 – 7.04 (m, 3H, Ar), 2.42 (t, J = 

7.6, 2H, CH2), 1.51 (h, J = 7.4, 2H, CH2), 0.87 (t, J = 7.3, 3H, CH3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 142.8 (Cip), 128.8, 128.6 (2×Co/2×Cm), 126.0 (Cp), 

38.4, 24.9 (CH2), 13.9 (CH3).  

Data comparable to a sample of the commercially available material. 

 

1-ethylbenzene (130) 

 

Spectroscopic yield: 60 % (styrene), 6 % (phenyl acetylene) 

1H NMR (C6D6, 500 MHz): δ 7.18 – 7.15 (m, 2H, Ar), 7.08 – 7.05 (m, 3H, Ar), 2.44 (q, J = 

7.6, 2H, CH2), 1.07 (t, J = 7.6, 3H, CH3). 

13C{1H} NMR (C6D6, 126 MHz): δ 144.3 (Cip), 128.6, 128.2 (2×Co/2×Cm), 126.0 (Cp), 28.8 
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(CH2), 15.5 (CH3).  

Data comparable to a sample of the commercially available material. 

 

4-phenyl-1-ethylbenzene (155) 

 

Isolated yield: 90 %. 

1H NMR (CDCl3, 500 MHz): δ 7.69 – 7.65 (m, 2H, Ar), 7.62 – 7.59 (m, 2H, Ar), 7.53 – 7.48 

(m, 2H, Ar), 7.42 – 7.37 (m, 1H, Ar), 7.36 – 7.34 (m, 2H, Ar), 2.78 (q, J = 7.6, 2H, CH2), 

1.36 (t, J = 7.6, 3H, CH3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 143.5, 141.3, 138.7, 128.8, 128.4, 127.2, 127.1, 127.1 

(Cp), 28.7 (CH2), 15.7 (CH3).  

Data comparable to the literature.180 

 

3-methyl-1-ethylbenzene (157) 

 

Spectroscopic yield: 85 %. 

1H NMR (CDCl3, 500 MHz): δ 7.13 (t, J = 7.5, 1H, Ar), 6.95 – 6.90 (m, 3H, Ar), 2.47 (q, J = 

7.6, 2H, CH2), 2.16 (s, 3H, CH3) 1.12 (t, J = 7.6, 3H, CH3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 144.3, 137.9, 129.0, 128.6, 126.8, 125.3, 29.23, 21.47, 

16.0.  

Data comparable to the literature.  

 

4-chloro-1-ethylbenzene (159) 

 

Conversion: 27 %. 

1H NMR (CDCl3, 300 MHz): δ 7.17 – 7.15 (m, 2H, Ar), 7.05 – 7.02 (m, 2H, Ar), 2.53 (q, J = 

7.6, 2H, CH2), 1.13 (t, J = 7.6, 3H, CH3). 

 

4-bromo-1-ethylbenzene (161) 

 

Conversion: 32 %. 

1H NMR (CDCl3, 400 MHz): δ 7.47 – 7.44 (m, 2H, Ar), 7.14 – 7.12 (m, 2H, Ar), 2.66 (q, J = 

7.6, 2H, CH2), 1.28 (t, J = 7.6, 3H, CH3). 



206 
 

 

 Transfer hydrogenation with silanes and protic substrates 6.2.8.

4-amino-1-ethylbenzene (166) 

 

Isolated yield: 65 %  

1H NMR (CDCl3, 500 MHz): δ 6.94 – 6.91 (m, 2H, Ar), 6.57 – 6.55 (m, 2H, Ar), 3.47 (br. s, 

2H, NH2), 2.47 (q, J = 7.6, 2H, CH2), 1.11 (t, J = 7.6, 3H, CH3).  

13C{1H} NMR (CDCl3, 126 MHz): δ 144.1, 134.6 (Cip), 128.7, 115.4(2×Co/2×Cm), 28.1 

(CH2), 16.1 (CH3).  

 

168 

 

Isolated yield: 85% 

1H NMR (CDCl3, 500 MHz): δ 7.36 – 7.31 (m, 4H, Ar), 7.27 – 7.22 (m, 6H, Ar), 3.38 (s, 

2H, NH2-CH2), 2.17 – 2.13 (m, 2H, CH2), 1.43 – 1.20 (m, 4H, CH2), 0.88 (t, J = 7.3, 3H, 

CH3).  

13C{1H} NMR (CDCl3, 126 MHz): δ 146.8 (2×Cip), 128.4, 128.1 (4×Co/4×Cm), 126.1 (2×Cp), 

49.2 (NH2-CH2-R), 36.5, 26.4, 23.5 (CH2), 14.21 (CH3). One signal absent.(CPh2(CH2)2). 

 

170 

 

Isolated yield: 62% 

1H NMR (CDCl3, 500 MHz): δ 2.44 (s, 2H, NH2-CH2), 1.35 – 1.34 (m, 6H, CH2), 1.25 – 

1.03 (m, 8H, CH2), 0.83 (t, J = 6.5, 3H, CH3).  

 

 Deuteration with d2-aniline and diphenylsilane 6.2.9.

1-deuterooctane (124-c) 

 

Spectroscopic yield: 92% 

1H NMR (C6D6, 500 MHz): δ 1.32-1.27 (m, 12H, CH2CH2CH2CH2D), 0.93-0.88 (m, 5H, 

CH2D).  

2H NMR (C6D6, 77 MHz): δ 0.87 (CH2D).  

13C{1H} NMR (C6D6, 126 MHz): δ 32.4, 32.3, 29.8, 23.1, 23.1, 14.4, 14.1 (t, 1JD = 19, 

CH2D).  
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HRMS (EI): Calculated: 115.1471, Observed: 115.1467. Non-deuterated 124 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.173 

 

1-(3-deuteropropyl)benzene (128-c) 

 

Spectroscopic yield: 72% 

1H NMR (CDCl3, 500 MHz): δ 7.31-7.28 (m, 2H, Ar), 7.21-7.18 (m, 3H, Ar), 2.61 (t, J = 7.4, 

2H, CH2Ar), 1.66 (pent., J = 7.4, 2H, CH2CH2D), 0.98-0.93 (m, 2H, CH2CH2D).  

2H NMR (CDCl3, 77 MHz): δ 0.98 (CH2D).  

13C{1H} NMR (CDCl3, 126 MHz): δ 142.8 (Arip), 128.8, 128.6 (2xArm, 2xAro), 126.0 (Arp), 

38.3 (ArCH2), 24.8 (CH2CH3), 13.6 (t, 1JD = 19, CH2D).  

HRMS (EI): Calculated: 121.1002, Observed: 121.0999. Non-deuterated 128 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.174 

 

1-(2-deuteroethyl)benzene (130-c) 

Major     Minor 

1H NMR (CDCl3, 500 MHz): δ 7.3- 7.27 (m, 2H, Ar), 7.20-7.16 (m, 3H, Ar), 2.65 (t, J = 7.5, 

2H, CH2 & CHD), 1.26-1.21 (m, 2H, CH3 & CH2D).  

2H NMR (CDCl3, 77 MHz): δ 2.63 (CHD, minor), 1.22 (CH2D, major).  

13C{1H} NMR (CDCl3, 126 MHz): δ 144.4 (Arip), 128.4, 128.0 (2xArm, 2xAro), 125.7 (Arp), 

29.0 (CH2), 15.7 (CH3), 15.5 (t, 1JD = 19, CH2D). Minor product is not observed in the 13C 

spectrum.  

HRMS (EI): Calculated: 107.0845, Observed: 107.0846. Non-deuterated 130 is also 

present in the observed spectrum.  

The values for the major product are in accordance with the literature.173 

 

 Compounds in Chapter 4 6.3.

 General considerations C 6.3.1.

Solvents and reagents were obtained from commercial sources (Sigma Aldrich, Fischer, 

ACROS). Acetonitrile used for synthesising the phosphines was dried over CaH2 prior to 

use. d6-Benzene (C6D6) and d1-chloroform (CDCl3) for NMR spectroscopy were used 

without further purification, d2-dichloromethane (CD2Cl2) was dried over CaH2 prior to use. 

Where appropriate, reagents were handled under an inert atmosphere either using a 
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Schlenk line (nitrogen) or a glove box (argon). Glassware was oven dried (100 ˚C) and 

flamed under vacuum where applicable. 1H, 13C, 19F and 31P NMR spectra were recorded 

on a 400/500 Bruker or 500 Agilent spectrometer at 298 K unless stated otherwise. 1H and 

13C NMR spectra were referenced to residual solvent peaks. IR spectra were collected on 

a PerkinElmer Spectrum 100 Fourier transform IR spectrometer. Mass spectrometry was 

carried out by the National Spectrometry facility in Swansea using a Waters Xevo G2-S 

(API) or a Thermo Scientific LTQ Orbitrap XL (ESI). Crystal structures were obtained from 

either a Rigaku Oxford Diffraction Xcalibur (MoKα (λ = 0.71073)) or Supernova (CuKα (λ = 

1.54184)) diffractometer. 

 

 Notes on NMR assignment 6.3.2.

Chemical shifts are stated in ppm and coupling constants (J) in Hz. 

For products 254/256/258 the positions on the ring are defined with respect to the N of the 

pyridyl ring (i.e. the N is defined as the ipso position). 

For products 178/212/214/216/218/220 the ipso carbon is defined as the carbon bound to 

the vinyl group.  

For spectroscopic yields of 1,2-diphos products the spectra were obtained in proteo-THF 

using an internal standard of PPh3 (26.2 mg, 0.1 mmol, δ -6.0 ppm).  

 

 Substrate syntheses 6.3.3.

 Synthesis of phenyl propiolate (240) 6.3.3.1.

This reaction was adapted from a literature procedure.181 Phenol (471 mg, 5 mmol) and 

propiolic acid (339 µL, 5.5 mmol) were added to CH2Cl2 (6 mL) and cooled to 0 ˚C. A 

solution of DCC (1.13 g, 5.5 mmol) and DMAP (6 mg, 1 mol%) in CH2Cl2 (6 mL) was 

added dropwise and the reaction was then allowed to warm to RT and was stirred for 16 

h. The reaction was then filtered through Celite and the solvent was removed in vacuo. 

The crude product was purified by trap-to-trap distillation. The product was isolated as a 

colourless oil. 449 mg, 3.1 mmol (61%). 

 

  
1H NMR (CDCl3, 500 MHz): δ 7.41 (m, 2H, m-Ph), 7.28 (m, 1H, p-Ph), 7.15 (m, 2H, o-Ph), 

3.08 (s, 1H, C≡CH).  
13C{1H} NMR (CDCl3, 126 MHz): δ 151.1 (C=O), 150.0 (i-Ph), 129.8 (m-Ph), 126.7 (p-Ph), 

121.4 (o-Ph), 76.9 (C≡CH), 74.4 (C≡CH).  

HRMS (API): Calculated [M+H]+: 147.0446, Observed: 147.0442. 

The values are in accordance with literature.181 
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 Synthesis of propynamides 6.3.3.2.

This reaction was adapted from a literature procedure.182 The reaction was performed 

under an atmosphere of N2. Amine (5 mmol) and DMAP (6 mg, 1 mol%) were added to 

CH2Cl2 (6 mL) followed by propiolic acid (339 µL, 5.5 mmol) and the solution was cooled 

to 0 ˚C. To this, a solution of DCC (1.13 g, 5.5 mmol) in CH2Cl2 (6 mL) was added 

dropwise and the reaction was then allowed to warm to room temperature and stirred for 2 

h. Once complete, the reaction mixture was filtered through Celite and the solvent was 

then removed in vacuo. The crude product was then purified by column chromatography 

(30% EtOAc/Petroleum ether, silica gel) and the solvent was removed yielding pure 

propynamides.  

 

N-Phenyl-N-methyl-2-propynamide (244) 

 

From N-methylaniline (541 µL, 5 mmol). Product was isolated as a white powder. 519 mg, 

3.26 mmol (65%). 

1H NMR (CDCl3, 500 MHz): δ 7.43-7.40 (m, 2H, m-Ph), 7.38-7.35 (m, 1H, p-Ph), 7.29-7.27 

(m, 2H, o-Ph), 3.33 (s, 3H, NCH3), 2.80 (s, 1H, C≡CH).  

13C{1H} NMR (CDCl3, 126 MHz): δ 153.1 (C=O), 142.7 (i-Ph), 129.4 (m-Ph), 128.3 (p-Ph), 

127.4 (o-Ph), 79.6 (C≡CH), 76.4 (C≡CH), 36.7 (NCH3).  

HRMS (ESI): Calculated [M+H]+: 160.0757, Observed: 160.0753. 

The values are in accordance with literature.183 

 

N-Phenyl-2-propynamide (246) 

 

From aniline (456 µL, 5 mmol). Product was isolated as an off-white powder. 630 mg, 4.3 

mmol (87%). 

1H NMR (CDCl3, 500 MHz): δ 7.69 (br. s, 1H, NH), 7.52 (d, J = 7.6, 2H, o-Ph), 7.34 (app. t, 

J = 8.0, 2H, m-Ph), 7.15 (t, J = 7.4, 1H, p-Ph), 2.92 (s, 1H, C≡CH).  

13C{1H} NMR (CDCl3, 126 MHz): δ 149.8 (C=O), 137.1 (i-Ph), 129.3 (m-Ph), 125.4 (p-Ph), 

120.2 (o-Ph), 77.7 (C≡CH), 74.2 (C≡CH).  

HRMS (ESI): Calculated [M+H]+: 146.0600, Observed: 146.0596. 

The values are in accordance with literature.184 
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N,N-Dimethyl-2-propynamide (242) 

 

This reaction was carried out using an adapted literature procedure.185 The reaction was 

performed under an atmosphere of N2. Dimethylamine (THF solution, 2 M, 2.5 mL, 5 

mmol) and 4-DMAP (6 mg, 1 mol%) were added to CH2Cl2 (3.5 mL) followed by propiolic 

acid (339 µL, 5.5 mmol) and the solution was cooled to 0 ˚C. To this, a solution of DCC 

(1.13 g, 5.5 mmol) in CH2Cl2 (6 mL) was added dropwise and the reaction was then 

allowed to warm to RT and stirred for 2 h. Upon completion, the reaction mixture was 

filtered through Celite and the solvent was then removed in vacuo. The crude product was 

then purified by column chromatography (30% EtOAc/petroleum ether, silica gel) and the 

solvent was removed yielding pure propynamide. Product isolated as an orange powder. 

262 mg, 2.70 mmol (53%). 

 

1H NMR (CDCl3, 500 MHz): δ 3.22 (s, 3H, NCH3), 3.10 (s, 1H, C≡CH), 2.98 (s, 3H, NCH3).  

13C{1H} NMR (C6D6, 126 MHz): δ 153.5 (C=O), 78.9 (C≡CH), 75.9 (C≡CH), 38.4 (NCH3), 

34.2 (NCH3).  

HRMS (API): Calculated [M+H]+: 98.0606, Observed: 98.0605.  

The values are in accordance with literature.185 

 

 Synthesis of yneones 6.3.3.3.

The synthesis was adapted from a literature procedure.138 To a solution of 

trimethylsilylacetylene (3.04 mL, 22 mmol) in THF (40 mL) cooled to -78 ˚C, a solution of 

n-butyllithium in hexanes (13.8 mL, 21 mmol, 1.52 M) was added and the reaction was 

stirred for 15 min. The corresponding aldehyde (benzaldehyde, 2.02 mL, 20 mmol/ 

hexanal, 2.46 mL, 20 mmol) was then added dropwise at -78 ˚C and the reaction stirred 

for 15 min. After this time the reaction was allowed to warm to RT and was stirred for a 

further 15 min. The reaction was then quenched with a saturated solution of NH4Cl (80 

mL) and extracted with EtOAc (3 x 80 mL). The organic fractions were combined, dried 

with MgSO4 and the solvent removed in vacuo. The crude product was then dissolved in 

MeOH (60 mL) and K2CO3 (8.30 g, 60 mmol) was added. The reaction was stirred for 2 h 

and after this time the reaction was quenched with a saturated solution of NH4Cl (100 mL) 

and extracted with EtOAc (3 x 80 mL). The combined organic fractions were then washed 

with brine and dried with Na2SO4. The solvent was then removed in vacuo affording the 

crude alkynyl alcohol. The alkynyl alcohols were then analysed by 1H NMR and where 

necessary were purified by column chromatography.  
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A solution of the alkynyl alcohol (10 mmol) in acetone (7.4 mL) was cooled to 0 ˚C, a 

solution of CrO3 (0.66 g, 7.4 mmol), H2SO4 (2.2 mL) and water (5.2 mL) was added 

dropwise over 20 min. The reaction was stirred for 16 h and after this time water (20 mL) 

was added and then the product was extracted with CHCl3 (3 x 20 mL). The organics were 

combined and dried with MgSO4 and the solvent was removed in vacuo. The crude 

product was then purified by vacuum distillation. 

 

Oct-1-yn-3-one (250) 

 

Isolated as a colourless oil. 1.01 g, 8.1 mmol (81%). 

1H NMR (CDCl3, 500 MHz): δ 3.19 (s, 1H, C≡CH), 2.58 (t, J = 7.4, 2H, COCH2), 1.68 (app. 

p, J = 7.5, 2H COCH2CH2), 1.36-1.27 (m, 4H, CH2), 0.9 (t, J = 7.0, 3H, CH3). 

13C{1H} NMR (C6D6, 126 MHz): δ 187.7 (C=O), 81.7 (C≡CH), 78.4 (C≡CH), 45.9 (COCH2), 

31.2 (COCH2CH2), 23.6 (CH2CH2CH3), 22.5 (CH2CH2CH3), 14.0 (CH3).  

 

1-Phenyl-2-propyn-1-one (252) 

 

Product was isolated as an off-white powder. 1.04 g, 8.0 mmol (80%). 

1H NMR (CDCl3, 500 MHz): δ 8.17 (app. dd, J = 8.3, J = 1.2, 2H, o-PhH), 7.64 (t, J = 7.4, 

1H, p-PhH), 7.50 (t, J = 7.8, 2H, m-PhH), 3.43 (s, 1H, CCH).  

13C{1H} NMR (CDCl3, 126 MHz): δ 177.5 (C=O), 136.3 (i-Ph), 134.7 (p-Ph), 129.9 (Ph), 

128.8 (Ph), 80.9 (C≡CH), 80.4 (C≡CH).  

The values are in accordance with literature.186 

 

 Synthesis of alkynyl imines 6.3.3.4.

N-phenyl-1-phenyl-1-iminopropyne (259) 

The synthesis was adapted from a literature procedure.187 To a cooled solution of aniline 

(3.28 mL, 36 mmol) and NEt3 (4.60 mL, 33 mmol) in CH2Cl2 (15 mL), a solution of benzoyl 

chloride (3.49 mL, 30 mmol) in CH2Cl2 (15 mL) was added dropwise. The reaction was 

then stirred at RT for 1 h before being diluted with CH2Cl2 (100 mL). The organics were 

washed with water (3 x 100 mL) and then dried over MgSO4. The solvent was removed in 

vacuo yielding a crude white solid which was collected by filtration and washed with Et2O. 

The product was isolated as a white microcrystalline powder. 5.28 g, 26.8 mmol (89%).  
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The amide (3.29 g, 16.7 mmol) was then suspended in toluene (30 mL) and PCl5 (3.65 g, 

17.5 mmol) was added carefully under a flow of N2. Once all of the PCl5 was added the 

reaction was stirred for 2 h. Upon completion, the volatiles were removed in vacuo 

yielding the crude imidoyl chloride as an off white solid. The imidoyl chloride was purified 

by vacuum distillation (100 ˚C, 1.1 x 10-1 mbar) yielding a crystalline off-white solid. 

 

Pd(OAc)2 (35.9 mg, 1 mol%), triphenylphosphine (42 mg, 1 mol%) and the imidoyl 

chloride (3.48 g, 16.2 mmol) were placed under N2 and dissolved in degassed NEt3 (40 

mL). To this trimethylsilylacetylene (3.42 mL, 24 mmol) was added and the reaction was 

heated to 80 ˚C and stirred for 3 h. Once complete the solvent was removed in vacuo and 

the crude product was dissolved in Et2O (30 mL) and filtered through a pad of Celite. The 

reaction was then concentrated in vacuo before being filtered through a small pad of 

silica. The crude protected imine was then purified by vacuum distillation (125 ˚C, 1.1 x 

10-1 mbar) yielding a yellow oil. 4.21 g, 15.2 mmol (90% over 2 steps). 

 

 
1H NMR (CDCl3, 400 MHz): δ 8.20-8.15 (m, 2H, o-PhHC), 7.52-7.43 (m, 3H, m/p-PhHC), 

7.36 (t, J = 7.9, 2H, m-PhHN), 7.16 (tt, J = 7.4, J = 1.2 , 1H, p-PhHC), 7.13-7.09 (m, 2H, o-

PhHN), 0.13 (s, 9H, Si(CH3)3).  

The values are in accordance with literature.188 

 

K2CO3 (279 mg, 7.5 mol%) was added to a solution of the protected imine (4.21 g, 15.1 

mmol) in MeOH (30 mL) resulting in the almost instantaneous formation of an off-white 

precipitate. The reaction was stirred for 1 h and the solid was collected by filtration and 

washed with cold MeOH. The imine was isolated as an off-white microcrystalline solid. 

1.742 g, 8.49 mmol (56%).  

 

 
1H NMR (CDCl3, 500 MHz): δ 8.21 (m, 2H, o-PhHC), 7.54-7.45 (m, 3H, m/p-PhHC), 7.40 

(t, J = 7.8, 2H, m-PhHN), 7.19 (t, J = 7.4, 1H, p-PhHC), 7.11 (d, J = 7.7, 2H, o-PhHN), 

3.33 (s, 1H, CCH).  
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13C{1H} NMR (CDCl3, 126 MHz): δ 151.4 (i-PhN), 149.2 (NC), 136.9 (i-PhC), 131.5 (p-

PhC), 128.8 (m-PhN), 128.6 (m-PhC), 128.3 (o-PhC), 125.1 (p-PhN), 120.5 (o-PhN), 85.8 

(C≡CH), 76.5 (C≡CH).  

The values are in accordance with literature.189 

 

N-phenyl-1-isopropyl-1-iminopropyne (261) 

Synthesised using the procedure stated above. To a cooled solution of aniline (3.28 mL, 

36 mmol) and NEt3 (4.60 mL, 33 mmol) in CH2Cl2 (15 mL), a solution of isobutyryl chloride 

(3.14 mL, 30 mmol) in CH2Cl2 (15 mL) was added dropwise. The reaction was then stirred 

at RT for 1 h before being diluted with CH2Cl2 (100 mL). The organics were washed with 

water (3 x 100 mL) and then dried over MgSO4. The solvent was removed in vacuo 

yielding a crude white solid which was collected by filtration and washed with Et2O. The 

resulting amide was isolated as a white microcrystalline powder. 2.02 g, 12.4 mmol (41%).  

 

The amide (1.63 g, 10 mmol) was then suspended in toluene (20 mL) and PCl5 (2.19 g, 

10.5 mmol) was added carefully under a flow of N2. Once all of the PCl5 was added the 

reaction was stirred for 2 h. Upon completion, the volatiles were removed in vacuo 

yielding the crude imidoyl chloride as an off white solid. The imidoyl chloride was purified 

by vacuum distillation (60 ˚C, 1.1 x 10-1 mbar) yielding a pale yellow oil. 

 

Pd(OAc)2 (19 mg, 1 mol%), triphenylphosphine (22 mg, 1 mol%) and the imidoyl chloride 

(1.54 g, 8.5 mmol) were placed under N2 and dissolved in degassed NEt3 (30 mL). To this 

trimethylsilylacetylene (1.81 mL, 12.7 mmol) was added and the reaction was heated to 

80 ˚C and stirred for 3 h. Once complete the solvent was removed in vacuo and the crude 

product was dissolved in Et2O (30 mL) and filtered through a pad of Celite. The reaction 

was then concentrated in vacuo before being purified by vacuum distillation (100 ˚C, 1.1 x 

10-1 mbar) yielding a yellow oil. 1.49 g, 6.1 mmol (61% over 2 steps). 

 

 
1H NMR (CDCl3, 500 MHz): δ 7.31-7.28 (m, 2H, m-Ph), 7.09 (tt, J = 7.4, J = 1.1, 1H, p-

Ph), 6.95-6.93 (m, 2H, o-Ph), 2.77 (sept, J = 6.8, 1H, CH), 1.27 (d, J = 6.8, 6H, CH3), 0.06 

(s, 9H, Si(CH3)3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 160.4 (NC), 151.6 (i-Ph), 128.4 (m-PhH), 124.5 (p-

PhH), 120.6 (o-PhH), 104.2 (C≡CSi(CH3)3), 97.6 (C≡CSi(CH3)3), 38.7 (CH(CH3)2), 20.1 

(CH3), -0.6 (SiCH3)3). 
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K2CO3 (52 mg, 7.5 mol%) was added to a solution of the protected imine (1.22 g, 5 mmol) 

in MeOH (10 mL) and the solution was stirred for 1 h. The crude imine was isolated as 

orange oily solid. The imine was further purified by column chromatography (5% 

EtOAc/Petroleum ether, silica gel). Isolated as a yellow oil. 0.44 g, 2.6 mmol (47%). 

 

 
1H NMR (CDCl3, 500 MHz): δ 7.36-7.30 (m, 2H, m-Ph), 7.45-7.38 (tt, J = 7.4, J = 1.1, 1H, 

p-Ph), 6.95-6.91 (m, 2H, o-Ph), 3.12 (s, 1H, C≡CH), 2.82 (sept., J = 6.9, 1H, CH3), 1.29 (d, 

J = 6.9, 6H, CH3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 159.5 (NC), 151.3 (i-Ph), 128.7 (m-PhH), 124.7 (p-

PhH), 120.2 (o-PhH), 84.9 (C≡CH), 76.5 (C≡CH), 39.1 (CH(CH3)2), 19.9 (CH3).  

 

N-isopropyl-1-phenyl-1-iminopropyne (263) 

The synthesis was adapted from literature procedures.187,190 To a cooled solution of 

isopropylamine (2.58 mL, 36 mmol) and NEt3 (4.60 mL, 33 mmol) in CH2Cl2 (15 mL), a 

solution of benzoyl chloride (3.49 mL, 30 mmol) in CH2Cl2 (15 mL) was added dropwise. 

The reaction was then stirred at RT for 1 h before being diluted with CH2Cl2 (100 mL). The 

organics were washed with water (3 x 100 mL) and then dried over MgSO4. The solvent 

was removed in vacuo yielding a crude white solid which was collected by filtration and 

washed with Et2O. The resulting amide was isolated as a white microcrystalline powder. 

4.07 g, 24.9 mmol (83%). 

 

The amide (2.45 g, 15 mmol) was dissolved in thionyl chloride (4.4 mL) under an inert 

atmosphere and the reaction was heated to 75 ˚C. The reaction was connected to a KOH 

scrubber to neutralise any HCl released during the reaction. Upon completion, the 

volatiles were removed in vacuo yielding the imidoyl chloride which was used in the 

following step without further purification. 

 

Pd(OAc)2 (30.3 mg, 1 mol%), triphenylphosphine (35.4 mg, 1 mol%) and the imidoyl 

chloride (2.45 g, 13.5 mmol) were placed under N2 and dissolved in degassed NEt3 (40 

mL). To this trimethylsilylacetylene (2.9 mL, 20.3 mmol) was added and the reaction was 

heated to 80 ˚C and stirred for 3 h. Upon completion, the solvent was removed in vacuo 

and the crude product was dissolved in Et2O and filtered through a pad of Celite. The 

crude protected imine was then purified by vacuum distillation (75 ˚C, 4.0 x 10-1 mbar) 

yielding a yellow oil. 2.89 g, 11.9 mmol (88% over 2 steps).  
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1H NMR (CDCl3, 500 MHz): δ 8.02-8.00 (m, 2H, o-Ph), 7.42-7.37 (m, 3H, m/p-Ph), 4.24 

(sept., J = 6.3, 1H, CH3), 1.27 (d, J = 6.3, 6H, CH3), 0.31 (s, 9H, Si(CH3)3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 148.5 (NC), 137.7 (i-Ph), 130.3 (p-PhH), 128.3 (m-

PhH), 127.6 (o-PhH), 104.4 (CCSiMe3), 96.2 (CCSiMe3), 56.4 (CH(CH3)2), 23.5 (CH3), -

0.2 (SiCH3)3).  

 

K2CO3 (104 mg, 7.5 mol%) was added to a solution of the protected imine (2.43 g, 10 

mmol) in MeOH (20 mL). The reaction was stirred for 1 h and the solvent was removed in 

vacuo. The crude imine was isolated as red oily solid. The imine was purified by column 

chromatography (5% EtOAc/Petroleum ether, silica gel). Isolated as a yellow oil. 0.81 g, 

4.7 mmol (47%). 

 

 
1H NMR (CDCl3, 500 MHz): δ 8.06-8.03 (m, 2H, o-Ph), 7.45-7.38 (m, 3H, m/p-Ph), 4.28 

(sept, J = 6.3, 1H, CH(CH3)2), 3.55 (s, 1H, C≡CH), 1.29 (d, J = 6.3, 6H, CH3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 147.5 (NC), 137.4 (i-Ph), 130.5 (p-PhH), 128.3 (m-

PhH), 127.6 (o-PhH), 85.6 (C≡CH), 75.4 (C≡CH), 56.6 (CH(CH3)2), 23.5 (CH3).  

 

N-phenyl-1-tert-butyl-1-iminopropyne (265) 

Synthesised using the procedure stated above. To a cooled solution of aniline (3.28 mL, 

72 mmol) and NEt3 (4.60 mL, 66 mmol) in CH2Cl2 (30 mL), a solution of pivalolyl chloride 

(3.14 mL, 60 mmol) in CH2Cl2 (30 mL) was added dropwise. The reaction was then stirred 

at RT for 1 h before being diluted with CH2Cl2 (200 mL). The organics were washed with 

water (3 x 200 mL) and then dried over MgSO4. The solvent was removed in vacuo 

yielding a crude white solid which was collected by filtration and washed with Et2O. The 

resulting amide was isolated as a white microcrystalline powder. 8.46 g, 47.7 mmol (80%).  

 

The amide (4.43 g, 25 mmol) was then suspended in toluene (50 mL) and PCl5 (5.47 g, 

26.25 mmol) was added carefully under a flow of N2. Once all of the PCl5 was added the 

reaction was stirred for 2 h. Upon completion, the volatiles were removed in vacuo 
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yielding the crude imidoyl chloride as an off white solid. The imidoyl chloride was purified 

by vacuum distillation (60 ˚C, 1.1 x 10-1 mbar) yielding a pale yellow oil. 

 

Pd(OAc)2 (47 mg, 1 mol%), triphenylphosphine (55 mg, 1 mol%) and the imidoyl chloride 

(4.07 g, 20.8 mmol) were placed under N2 and dissolved in degassed NEt3 (60 mL). To 

this trimethylsilylacetylene (4.44 mL, 31.2 mmol) was added and the reaction was heated 

to 80 ˚C and stirred for 3 h. Once complete the solvent was removed in vacuo and the 

crude product was dissolved in Et2O (30 mL) and filtered through a pad of Celite. The 

reaction was then concentrated in vacuo before being purified by vacuum distillation (100 

˚C, 1.1 x 10-1 mbar) yielding a yellow oil. 3.34 g, 17.1 mmol (68% over 2 steps). 

 

 
1H NMR (CDCl3, 300 MHz): δ 7.32-7.26 (m, 2H, m-Ph), 7.10-7.04 (m, 1H, p-Ph), 6.90-6.87 

(m, 2H, o-Ph), 1.29 (s, 9H, CH3), 0.03 (s, 9H, Si(CH3)3). 

 

K2CO3 (276.4 mg, 20 mol%) was added to a solution of the protected imine (2.57 g, 10 

mmol) in MeOH (50 mL) and the solution was stirred for 1 h. The crude imine was isolated 

as orange oily solid. The imine was further purified by column chromatography (2% 

EtOAc/Petroleum ether, silica gel). Isolated as a yellow oil. 0.53 g, 2.9 mmol (29%). 

 

 
1H NMR (CDCl3, 300 MHz): δ 7.35-7.30 (m, 2H, m-Ph), 7.14-7.08 (m, 1H, p-Ph), 6.91-6.86 

(m, 2H, o-Ph), 3.12 (s, 1H, C≡CH), 1.31 (s, 9H, CH3). 

 

 Divinylphosphines 6.3.4.

General procedure 

A Schlenk flask was charged with KHMDS (10 mg, 10 mol%) before adding MeCN (1 mL). 

To this, diphenylphosphine (55 µL, 0.5 mmol) was added forming a bright orange solution. 

The aryl acetylene (1 mmol) was then added and the reaction was stirred for 2 h at RT. 

Once complete, the solvent was removed in vacuo before being passed through a silica 

plug with CH2Cl2 affording the desired products. The products where then stored under an 

inert atmosphere to prevent oxidation over time. 
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176-a 

 

Using phenylacetylene (109.8 µL, 1 mmol), the product was isolated as an off-white 

powder. 115 mg, 0.37 mmol (73%). 

1H NMR (CDCl3, 500 MHz): δ 7.52-7.47(m, 6H, o-Ph/o-Ar), 7.34-7.29 (m, 2H, m-Ph), 7.28-

7.20 (m, 9H, p-Ph/m-Ar/PCHCHAr), 6.31 (dd, J = 12.5, J = 2.7, 2H, PCHCHAr). 

13C{1H} NMR (CDCl3, 126 MHz): δ 143.5 (d, J = 18.5, PCHCHAr), 140.1 (d, J = 9.3, i-Ph), 

137.1 (d, J = 2.1, i-Ar), 131.3 (d, J = 17.0, o-Ph), 130.5 (d, J = 15.7, PCHCHAr), 129.7 (d, 

J = 8.6, o-Ar), 128.7 (d, J = 5.7, m-Ph), 128.2 (m-Ar), 128.1 (p-Ph). One signal not 

observed (p-Ar). 

31P{1H} NMR (CDCl3, 202 MHz): δ -43.6. 

HRMS (API): Calculated [M+H]+: 315.1302, Observed: 315.1299. 
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Using 4-tert-butylphenylacetylene (180.4 µL, 1 mmol), the product was isolated as an off-

white powder. 175 mg, 0.41 mmol (82%). 

1H NMR (CDCl3, 500 MHz): δ 7.55-7.51 (m, 6H, o-Ph/o-Ar), 7.35 (td, J = 7.3, J = 1.7, 2H, 

m-Ph), 7.32-7.30 (m, 5H, p-Ph/m-Ar), 7.26 (dd, J = 23.8, J = 12.6, 2H, PCHCHAr), 6.30 

(dd, J = 12.6, J = 2.9, 2H, PCHCHAr), 1.32 (s, 18H, CH3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 151.2 (p-Ar), 143.4 (d, J = 18.6, PCHCHAr), 140.5 (d, J 

= 9.4, i-Ph), 134.4 (d, J = 1.9, i-Ar), 131.2 (d, J =  16.7, o-Ph), 129.7 (d, J = 15.0, 

PCHCHAr), 129.6 (d, J = 8.8, o-Ar), 128.6 (d, J = 5.5, m-Ph), 127.9 (p-Ph) 125.2 (m-Ar), 

34.8 ((CH3)3CH), 31.4 (CH3). 

31P{1H} NMR (CDCl3, 202 MHz): δ -43.7.  

HRMS (API): Calculated [M+H]+: 427.2555, Observed: 427.2552. 
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Using 3-methylphenylacetylene (114.6 µL, 1 mmol), the product was isolated as an off-

white solid. 123 mg, 0.36 mmol (72%). 

1H NMR (C6D6, 500 MHz): δ 7.56-7.55 (m, 2H, o-Ph), 7.46 (d, J = 7.8, 2H, o-Ar), 7.42 (br. 

s, 2H, o-Ar), 7.09-7.01 (m, 3H, m-Ph/p-Ph), 7.07 (dd, J = 23.8, J = 12.7, 2H, PCHCHAr), 

6.98 (t, J = 7.7, 2H, m-Ar), 6.81 (d, J = 7.6, 2H, p-Ar), 6.28 (dd, J = 12.6, J = 2.3, 2H, 

PCHCHAr), 1.98 (s, 6H, CH3). 

13C{1H} NMR (C6D6, 126 MHz): δ 143.7 (d, J = 18.1, PCHCHAr), 140.9 (d, J = 9.8, i-Ph), 

137.8 (m-ArCH3), 137.5 (d, J = 1.5, i-Ar), 131.7 (d, J = 17.5, o-Ph), 130.8 (d, J = 16.5, 

PCHCHAr), 130.8 (d, J = 8.7, o-Ar), 129.0 (p-Ar), 128.9 (d, J = 5.8, m-Ph), 128.4 (m-Ar), 

128.2 (p-Ph), 127.3 (d, J = 9.3, o-Ar), 21.3 (CH3). 

31P{1H} NMR (C6D6, 202 MHz): δ -42.6.  

HRMS (API): Calculated [M+H]+: 343.1616, Observed: 343.1614. 
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Using 4-fluorophenylacetylene (114.6 µL, 1 mmol), the product was isolated as an off-

white powder. 133 mg, 0.38 mmol (76%). 

1H NMR (CDCl3, 500 MHz): δ 7.52-7.48 (m, 6H, o-Ph/o-Ar), 7.37-7.29 (m, 3H, m-Ph/p-Ph), 

7.22 (dd, J = 24.0, J = 12.5, 2H, PCHCHAr), 6.96 (app. t, J = 8.7, 4H, m-Ar), 6.31 (dd, J = 

12.5, J = 2.5, 2H, PCHCHAr). 

13C{1H} NMR (CDCl3, 126 MHz): δ 162.6 (dd, JF = 248.5, J =1.2, p-Ar), 142.4 (d, J = 18.4, 

PCHCHAr), 139.5 (d, J = 8.3, i-Ph), 133.2 (dd,  J = 3.2, J = 2.3, i-Ar), 131.4 (o-Ph/o-Ar), 

131.4 (o-Ph/o-Ar), 131.4 (br, o-Ph/o-Ar), 131.3 (o-Ph/o-Ar), 131.3 (o-Ph/o-Ar), 130.1 (dd, J 

= 15.0, J = 1.7, PCHCHAr), 128.8 (d, J = 5.9, m-Ph), 128.3 (p-Ph), 115.2 (d, J = 21.5, m-

Ar). The peaks between 131.4 and 131.3 ppm contain protons that are coupled to 

phosphorus and/or fluorine. It has not been possible to decipher what peaks belong to 

what carbon.  

19F NMR (CDCl3, 202 MHz): δ -113.2. 

31P{1H} NMR (CDCl3, 202 MHz): δ -44.3. 
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HRMS (API): Calculated [M+H]+: 351.1114, Observed: 351.1111. 
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Using 4-methoxyphenylacetylene (129.7 µL, 1 mmol), the product was isolated as a 

colourless oil. 147 mg, 0.39 mmol (79%). 

1H NMR (CDCl3, 500 MHz): δ 7.53-7.49 (m, 6H, o-Ph/o-Ar), 7.35-7.32 (m, 2H, m-Ph), 

7.30-7.28 (m, 1H, p-Ph), 7.20 (dd, J = 24.6, J = 12.5, 2H, PCHCHAr), 6.83-6.79 (m, 4H, 

m-Ar), 6.20 (dd, J = 12.5, J = 2.8, 2H, PCHCHAr), 3.80 (s, 6H, OCH3).  

13C{1H} NMR (CDCl3, 126 MHz): δ 159.5 (d, J = 1.0, p-Ar), 142.9 (d, J = 18.5, PCHCHAr), 

140.4 (d, J = 9.4, i-Ph), 131.2 (d, J = 16.7,  o-Ph), 131.2 (d, J = 9.2, o-Ar), 130.0 (d, J = 

1.8, i-Ar), 128.7 (d, J = 5.4, m-Ph), 128.2 (d, J = 14.4, PCHCHAr), 127.9 (p-Ph), 113.6 (m-

Ar), 55.4 (OCH3).  

31P{1H} NMR (C6D6, 202 MHz): δ -43.6. 

HRMS (API): Calculated [M+H]+: 375.1514, Observed: 375.1509. 

 

219-a              219-b             219-c 

              

Using 4-trifluoromethylphenylacetylene (163 µL, 1 mmol), the product was isolated as an 

orange oil as a mixture of isomers. 216 mg, 0.48 mmol (96%). Ratio (2f:2f’:2f’’ – 51:40:9 

1H NMR (C6D6, 500 MHz): 220-a, δ 7.43 (app. t, J = 7.1, 2H, o-Ph), 7.27 (d, J = 8.3, 4H, o-

Ar), 7.19 (d, J = 8.3, 4H, m-Ar), 7.14-7.05 (m, 3H, m/p-Ph), 6.82 (dd, J = 23.2, J =12.6, 2H, 

PCHCHAr), 6.23 (dd, J = 12.6, J = 1.9, 2H, PCHCHAr).  

220-b, δ 7.50 (app. t, J = 7.2, 2H, o-Ph), 7.38 (d, J = 8.0, 2H, o-Ar), 7.27 (d, J = 8.3, 2H, o-

Ar), 7.19 (d, J = 8.3, 2H, m-Ar), 7.14-7.05 (m, 3H, m/p-Ph), 7.01 (dd, J = 23.2, J =12.8, 1H, 

PCHCHAr), 6.88 (d, J = 8.0, 2H, m-Ar), 6.75 (dd, J = 17.1, J = 11.5, 1H, PCHCHAr), 6.61 

(dd, J = 17.1, J = 12.6, 1H, PCHCHAr), 6.32 (dd, J = 12.8, J = 2.7, 1H, PCHCHAr).  

220-c. Alkene protons not observed, 7.58 (app. t, J = 7.4, 2H, o-Ph), 7.28 (d, J = 8.0, 4H, 

m-Ar), 7.14-7.05 (m, 3H, m/p-Ph), 6.94 (d, J = 8.0, 4H, m-Ar). 

19F NMR (C6D6, 471 MHz): δ -62.3 (220-b), -62.3 (220-c), -62.4 (220-b), -62.5 (220-a) 

31P{1H} NMR (C6D6, 202 MHz): δ -16.8 (220-c), -29.9 (220-b), -43.1 (220-a).  
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HRMS (API): Calculated [M+H]+: 451.1050, Observed: 451.1056. 
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Using methyl propiolate (50.1 µL, 0.25 mmol), H2PPh (27.5 µL, 0.5 mmol) and KHMDS (5 

mg, 10 mol%). Isolated as a mixture of two isomers, known isomer characterised.  

1H NMR (C6D6, 500 MHz): δ 7.86 (dd, J = 18.6, J = 16.9, 2H, PCHCHCO), 7.25-7.22 (m, 

2H, o-Ph), 7.03-6.93 (m, 3H, m/p-Ph), 6.01 (dd, J = 16.9, J =7.8, 2H, PCHCHAr), 3.33 (s,  

6H, PCHCHAr). 

13C{1H} NMR (C6D6, 126 MHz): δ 164.8 (d, J = 10.7, CO), 145.2 (d, J = 19.5, PCHCHCO), 

134.9 (d, J = 21.5, o-Ph), 132.6 (d, J = 7.0, i-Ph), 130.6 (d, J = 1.3, p-Ph), 129.9 (d, J = 

15.9, PCHCHCO), 129.3 (d, J = 8.7, m-Ph), 51.3 (CH3). 

31P NMR (C6D6, 202 MHz): -17.4 (Major), -18.4 (minor) 

 

 1,2-diphosphines 6.3.5.

General procedure 

A Schlenk flask was charged with KHMDS (15 mg, 15 mol%) before adding MeCN (2 mL). 

To this suspension diphenylphosphine (174 µL, 1 mmol) was added forming a bright 

orange solution. The aryl acetylene (0.5 mmol) was then added and the reaction was 

stirred for 24 h at RT. Once complete, the MeCN was removed and the mixture of 

products was dissolved into THF and quantitative 31P NMR spectra were collected (see 

NMR notes for details). The crude products were also analysed by 1H NMR and mass 

spec and compared to literature values.131,132 No further purification was carried out. 
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Spectroscopic yield (prior to isolation) 92%. Isolated as a pale yellow powder. 187 mg, 

0.39 mmol (79%).  

1H NMR (C6D6, 500 MHz): δ 7.49-7.47 (m, 2H, PPhH), 7.39-7.37 (m, 2H, PPhH), 7.23 

(app. d, J = 7.6, 2H), 7.20-7.16 (m, 1H), 7.14 – 6.89 (m, 15H, PhH/PPhH), 6.86-6.78 (m, 
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3H), 3.64 – 3.55 (m, 1H, CHCH2PPh2), 2.79 – 2.65 (m, 2H, CH2PPh2). The values are in 

accordance with literature.132 

31P{1H} NMR (C6D6, 202 MHz): δ 2.6 (d, J = 17.4), -21.4 (d, J = 17.4). The values are in 

accordance with literature.132 

HRMS (API): Calculated [M+H]+: 475.1744, Observed: 475.1742. 

 

227            228 

       

Spectroscopic yield 227 = 49% (63%, 47%, 37%, 49%), 228 = 26% (26%, 22%, 32%, 

24%). 

1H NMR (C6D6, 500 MHz): 227, δ 7.57-7.49 (m, PPhH), 7.40-7.36 (m, PPhH), 7.24-6.80 

(m, ArH/PPhH 3.69-3.61 (m, 1H, CHPPh2), 2.82-2.70 (m, 2H, CH2PPh2), 1.18 (s, 9H, 

CH3). Spectrum contains a trace of residual THF. 

31P NMR (THF, 202 MHz): δ 2.8 (227), -20.9 (227).  

31P{1H} NMR (C6D6, 202 MHz): δ 2.3 (d, J = 17.7, 227), -21.0 (d, J = 17.7, 227). The 

values are in accordance with literature.131 

HRMS (API): Calculated [M+H]+: 531.2371, Observed: 531.2379. 

 

229       230 

              

Spectroscopic yield 229 = 59% (51%, 63%), 230 = 22% (20%, 24%). 

1H NMR (C6D6, 500 MHz): 229, δ 7.56-7.49 (m, PPhH), 7.41-7.37 (m, PPhH), 7.20-7.17 

(m, ArH), 7.14-6.80 (m, ArH/PPhH), 3.65-3.56 (m, 1H, CHPPh2), 2.75 (app. t, J = 6.8, 2H, 

CH2PPh2), 2.04 (s, 3H, CH3). 

31P NMR (THF, 202 MHz): δ 2.2 (229), -22.0 (229).  

31P{1H} NMR (C6D6, 202 MHz): δ 2.5 (d, J = 17.7, 229), -21.1 (d, J = 17.7, 229). 

HRMS (API): Calculated [M+H]+: 489.1901, Observed: 489.1900. 
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231           232-b            232-a 

         

Spectroscopic yield 231 = 20% (20%, 16%, 25%), 232-b = 64% (52%, 81%, 60%), 232-a 

3% (8, 0, 0).  

1H NMR (C6D6, 500 MHz): 231, δ 3.74-3.63 (m, 1H, CHPPh2, located by COSY), 3.26 (s, 

3H, OMe), 2.72-2.62 (m, 2H, CH2PPh2, located by COSY). Spectrum contains THF. 

31P NMR (THF, 202 MHz): δ 1.1 (231), -22.3 (231).  

31P{1H} NMR (C6D6, 202 MHz): δ 1.6 (d, J = 17.3, 231), -21.5 (d, J = 17.3, 231). The 

values are in accordance with literature.132  

HRMS (API): Not observed. 

 

233 

 

Spectroscopic yield, 90% (91%, 89%). 

1H NMR (C6D6, 500 MHz): δ 7.49 (app. t, J = 7.3, 4H, o-Ph), 7.24 (d, J = 8.2, 2H, o-Ar), 

7.15-6.99 (m, 7H, m-Ar, m-Ph, p-Ph), 6.88 (dd, J = 17.1, J = 11.3, 1H, PCHCHAr), 6.84 (d, 

J = 8.2, 2H, m-Ar), 6.78 ((dd, J = 17.1, J = 11.9, 1H, PCHCHAr).  

13C{1H} NMR (C6D6, 126 MHz): δ 141.4 (d, J = 27.0, ArC=CP(Ph)2), 140.6 (d, J = 11.3, i-

Ar), 138.1 (d, J = 10.8, i-PPh), 133.7 (d, J = 19.4, o-Ph), 131.1 (d, J = 15.3, ArC=CP(Ph)2), 

130.0 (q, J = 32.1, p-Ar), 129.1 (d, J = 20.6, m-Ph), 129.0 (p-Ph), 127.2 (o-Ar), 125.7 (q, JF 

= 3.8, m-Ar), 124.9 (q, JF = 271.9, CF3).  

19F NMR (C6D6, 471 MHz): δ -62.2.  

31P NMR (C6D6, 202 MHz): δ -11.1.  

HRMS (API): Calculated [M+H]+: 357.1020, Observed: 357.1019. 

The values are in accordance with literature.132 

 

 1,1-diphosphine products 6.3.6.

General procedure A 

A J-Young flask was charged with the substrate (0.5 mmol) before adding MeCN (1 mL). 

To this, diphenylphosphine (174 µL, 1 mmol) was added followed by KHMDS (10 mg, 10 

mol%) resulting in an intensely coloured solution. The reaction was stirred for 6 h at 25 ˚C. 

Once complete, the solvent was removed in vacuo before being passed through an 
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alumina plug (pentane to remove phosphine, Pentane/CH2Cl2 (3:1) or CH2Cl2 to elute the 

product) affording the desired products. The products where then stored under an inert 

atmosphere to prevent oxidation. 

 

General procedure B 

A J-Young flask containing a solution of diphenylphosphine (174 µL, 1 mmol) and KHMDS 

(10 mg, 10 mol%) in MeCN (1 mL) was cooled to -78 °C with dry ice. To this a solution of 

the substrate (0.5 mmol) in MeCN (1 mL) was added dropwise before warming slowly to 

RT. The reaction was stirred for 16 h and after this time the solvent was removed in vacuo 

before being passed through an alumina plug (pentane to remove phosphine, 

pentane/CH2Cl2 (9:1) to elute the product) affording the desired products. The products 

where then stored under an inert atmosphere to prevent oxidation. 

 

General procedure C 

A J-Young flask was charged with the substrate (0.5 mmol) and diphenylphosphine (174 

µL, 1 mmol) in MeCN (1 mL). KHMDS (10 mg, 10 mol%) was quickly added to this 

resulting in an intensely coloured solution. The reaction was stirred for 6 h at 25 ˚C. Once 

complete, the solvent was removed in vacuo before being passed through an alumina 

plug (pentane to remove phosphine, pentane/CH2Cl2 (7:1) to elute the product) affording 

the desired products. The products where then stored under an inert atmosphere to 

prevent oxidation. 
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General procedure A using methyl propiolate (44.5 µL, 0.5 mmol), the product was 

isolated as an off-white powder. 196 mg, 0.43 mmol (86%). 

1H NMR (C6D6, 500 MHz): δ 7.75-7.72 (m, 4H, PhH), 7.59-7.56 (m, 4H, PhH), 7.05 (app. t, 

J = 7.2, 4H, PhH), 7.02-6.95 (m, 8H, PhH), 4.27 (t, J = 5.9, 1H, CH(PPh2)2), 2.90 (s, 3H, 

OCH3), 2.62 (td, J = 9.0, J = 5.9, 2H, CH2CH(PPh2)2).  

13C{1H} NMR (C6D6, 126 MHz): δ 172.8 (t, J = 3.3, CO), 137.0 (app. t, J = 4.2, Ph), 136.6 

(app. t, J = 5.4, Ph), 135.2 (app. t, J = 11.2, PhH), 133.9 (app. t, J = 10.9, PhH), 129.2 

(PhH), 128.9 (PhH), 128.7 (app. t, J = 3.5, PhH), 128.4 (app. t, J = 3.8, PhH), 51.2 

(OCH3), 34.7 (t, J = 9.4, CH2CH(PPh2)2), 28.3 (t, J = 25.5, CH(PPh2)2). 

31P NMR (C6D6, 202 MHz): δ -6.6. 

FTIR-ATR: ν: 1726 cm-1
 (CO).  

HRMS (API): Calculated [M+H]+: 457.1486, Observed: 457.1487. 
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General procedure A using ethyl propiolate (50.7 µL, 0.5 mmol), the product was isolated 

as an off-white powder. 185 mg, 0.39 mmol (79%). 

1H NMR (C6D6, 500 MHz): δ 7.77-7.74 (m, 4H, PhH), 7.60-7.57 (m, 4H, PhH), 7.05 (app. t, 

J = 7.2, 4H, PhH), 7.02-6.98 (m, 8H, PhH), 4.31 (t, J = 5.8, 1H, CH(PPh2)2), 3.47 (q, J = 

7.2, 2H, CH2CH3), 2.65 (td, J = 9.0, J = 5.9, 2H, CH2CH(PPh2)2), 0.69 (t, J = 7.2, 3H, 

CH2CH3). The values are in accordance with literature.128 

13C{1H} NMR (C6D6, 126 MHz): δ 172.4 (m, CO), 137.1 (app. t, J = 4.2, Ph), 136.7 (app. 

dd, J = 5.8, J = 5.1, Ph), 135.2 (app. t, J = 11.2, PhH), 133.9 (app. t, J = 10.5, PhH), 129.2 

(PhH), 128.9 (PhH), 128.7 (app. t, J = 3.4, PhH), 128.4 (app. t, J = 3.8, PhH), 60.4 

(OCH2CH3), 34.9 (t, J = 9.3, CH2CH(PPh2)2), 28.2 (t, J = 25.3, CH(PPh2)2), 13.9 (CH2CH3). 

31P NMR (C6D6, 202 MHz): δ -6.3.The values are in accordance with literature.128 

FTIR-ATR: ν: 1722 cm-1
 (CO). 

HRMS (API): Calculated [M+H]+: 471.1643, Observed: 471.1647. 
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General procedure A using tert-butyl propiolate (68.6 µL, 0.5 mmol), the product was 

isolated as a viscous, colourless oil that solidified after 2 weeks. 187 mg, 0.37 mmol 

(75%). 

1H NMR (C6D6, 500 MHz): δ 7.77-7.74 (m, 4H, PhH), 7.60-7.57 (m, 4H, PhH), 7.06 (t, J = 

7.2, 4H, PhH), 7.03-6.99 (m, 8H, PhH), 4.31 (t, J = 5.5, 1H, CH(PPh2)2), 2.72 (td, J = 9.3, 

J = 5.4, 2H, CH2CH(PPh2)2), 1.12 (s, 7H, C(CH3)3), 1.04 (s, 2H, C(CH3)3).  

13C{1H} NMR (C6D6, 126 MHz): δ 171.6 (t, J = 2.9, CO), 137.4 (app. t, J = 4.5, Ph), 136.9 

(app. t, J = 5.7, Ph), 135.1 (app. t, J = 11.2, PhH), 134.0 (app. t, J = 10.5, PhH), 129.1 

(PhH), 128.9 (PhH), 128.7 (app. t, J = 3.5, PhH), 128.5 (app. t, J = 4.1, PhH), 80.2 (OCH), 

35.9 (t, J = 9.5, CH2CH(PPh2)2), 27.9 (CH3), 27.8 (CH3), 27.6 (t, J = 25.6, CH(PPh2)2).  

31P NMR (C6D6, 202 MHz): δ -5.0. 

FTIR-ATR: ν: 1722 cm-1 (CO). 

HRMS (API): Calculated [M+H]+: 499.1956, Observed: 499.1954. 
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General procedure B using phenyl propiolate (73 mg, 0.5 mmol), the product was isolated 

as an off-white solid. 152 mg, 0.29 mmol (59%). 

1H NMR (C6D6, 500 MHz): δ 7.75-7.73 (m, 4H, P(PhH)2), 7.62-7.59 (m, 4H, P(PhH)2), 

7.32-7.27 (m, 14H, P(PhH)2, m-OPhH), 6.85 (app. t, J = 7.2, 1H, p-OPhH), 6.70 (d, J = 

7.6, 2H, o-OPhH), 4.34 (t, J = 5.7, 1H, CH(PPh2)2), 2.94 (td, J = 8.8, J = 5.7, 2H, 

CH2CH(PPh2)2). 

13C{1H} NMR (C6D6, 126 MHz): δ 170.5 (t, J = 3.3, CO), 150.9 (O-Ph), 136.5 (m, PPh), 

136.1 (m,  PPh), 134.7 (app. t, J = 11.2, PPhH), 133.5 (app. t, J = 10.6, PPhH), 128.9 

(PPhH) 128.7 (m-OPhH), 128.6 (PPhH), 128.4 (app. t, J = 3.5, PPhH), 128.2 (app. t, J = 

3.8, PPhH), 125.2 (p-OPhH), 121.4 (o-OPhH), 34.9 (t, J = 9.8, CH2CH(PPh2)2), 27.7 (t, J = 

26.1, CH(PPh2)2).  

31P NMR (C6D6, 202 MHz): δ -5.9. 

FTIR-ATR: ν: 1675 cm-1 (CO). 

HRMS (API): Calculated [M+H]+: 519.1643, Observed: 519.1642. 
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General procedure A using N,N-dimethyl-2-propynamide (48.6 mg, 0.5 mmol), the product 

was isolated as a white solid. 207 mg, 0.44 mmol (88%). 

1H NMR (C6D6, 500 MHz): δ 7.87-7.83 (m, 4H, PhH), 7.71-7.68 (m, 4H, PhH), 6.98 (t, J = 

7.4, 8H, PhH), 6.93-6.90 (m, 4H, PhH), 4.83 (app. tq, J = 5.5, J = 1.6, 1H, CH(PPh2)2), 

2.34 (td, J = 9.5, J = 5.6, 2H, CH2CH(PPh2)2), 2.23 (s, 3H, CH3), 1.59 (s, 3H, CH3).  

13C{1H} NMR (CDCl3, 126 MHz): δ 170.4 (t, J = 4.4, CO), 136.3 (app. t, J = 3.1, Ph), 136.0 

(app. t, J = 2.8,  Ph), 134.6 (app. t, J = 11.0, PhH), 133.8 (app. t, J = 10.5, PhH), 128.9 

(PhH), 128.7 (PhH), 128.1 (app. t, J = 3.7, PhH), 127.9 (app. t, J = 3.9, PhH), 36.5 

(NCH3), 35.3 (NCH3), 32.5 (t, J = 9.5, CH2CH(PPh2)2), 27.3 (t, J = 20.4, CH(PPh2)2).  

31P NMR (CDCl3, 202 MHz): δ -6.2. 

FTIR-ATR: ν: 1632 cm-1 (CO). 

HRMS (API): Calculated [M+H]+: 470.1803, Observed: 470.1800. 
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General procedure A using N-methyl-N-phenyl-2-propynamide (79.6 mg, 0.5 mmol), the 

product was isolated as a white solid. 228 mg, 0.43 mmol (86%). 
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1H NMR (C6D6, 500 MHz): δ 7.83-7.81 (m, 4H, P(PhH)2), 7.67-7.66 (m, 4H, P(PhH)2), 7.02 

(t, J = 7.3, 8H, P(PhH)2), 7.00-6.95 (m, 4H, P(PhH)2), 6.85-6.76 (m, 3H, NPhH), 6.23-6.18 

(m,  H, NPhH), 4.87 (t, J = 5.4, 1H, CH(PPh2)2), 2.83 (s, 3H, CH3), 2.44 (td, J = 9.7, J = 

5.5, 2H, CH2CH(PPh2)2).  

13C{1H} NMR (CDCl3, 126 MHz): δ 170.9 (CO), 143.1 (i-NPh), 136.6 (PPh), 136.4 (PPh), 

134.8 (app. t, J = 11.0, PPhH), 133.8 (app. t, J = 10.5, PPhH), 129.4 (NPhH), 129.0 

(PPhH), 128.7 (PPhH), 128.2 (app. t, J = 3.6, PPhH), 128.1 (app. t, J = 3.9, PPhH), 127.5 

(NPhH), 127.0 (NPhH), 37.2 (NCH3), 35.0 (t, J = 10.4, CH2CH(PPh2)2), 27.4 (t, J = 22.3, 

CH(PPh2)2).  

31P NMR (CDCl3, 202 MHz): δ -5.3. 

FTIR-ATR: ν: 1642 cm-1 (CO). 

HRMS (API): Calculated [M+H]+: 532.1959, Observed: 532.1962. 
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General procedure A using N-phenyl-2-propynamide (72.6 mg, 0.5 mmol), the product 

was isolated as a white solid. 161 mg, 0.31 mmol (62%). 

1H NMR (CDCl3, 500 MHz): δ 7.64-7.63 (m, 4H, P(PhH)2), 7.52-7.50 (m, 4H, P(PhH)2), 

7.32-7.27 (m, 7H, P(PhH)2), 7.25-7.18 (m, 7H, P(PhH)2/ NPhH), 7.10 (d, J = 8.0, 2H, N-o-

PhH), 7.01 (t, J = 7.4, 1H, N-p-PhH), 6.15 (br. s, 1H, NH), 4.16 (t, J = 5.7, 1H, CH(PPh2)2), 

2.37 (td, J = 9.2, J = 5.7, 2H, CH2CH(PPh2)2). 

13C{1H} NMR (CDCl3, 126 MHz): δ 169.4 (CO), 137.6 (N-Ph), 136.2 (app. t, J = 4.3, PPh), 

136.0 (app. t, J = 3.2,  PPh), 134.8 (app. t, J = 11.0, PPhH), 133.7 (app. t, J = 10.3, PPhH), 

129.4 (PPhH) 128.9 (NPhH), 128.7 (PPhH), 128.5 (app. t, J = 3.6, PPhH), 128.3 (app. t, J 

= 3.9, PPhH), 124.1 (NPhH), 119.7 (NPhH), 37.8 (t, J = 8.6, CH2CH(PPh2)2), 27.2 (t, J = 

22.9, CH(PPh2)2).  

31P NMR (CDCl3, 202 MHz): δ -6.6. 

FTIR-ATR: ν: 3319 cm-1 (NH), 1678 cm-1 (CO). 

HRMS (API): Calculated [M+H]+: 518.1802, Observed: 518.1805. 
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General procedure A using propynamide (34.5 mg, 0.5 mmol), the product was isolated as 

a white solid. 207 mg, 0.44 mmol (94%). 
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1H NMR (CDCl3, 500 MHz): δ 7.63-7.59 (m, 4H, PhH), 7.50-7.45 (m, 4H, PhH), 7.31-7.24 

(m, 12H, PhH), 4.04 (app. t, J = 5.7, 1H, CH(PPh2)2), 2.24 (td, J = 9.5, J = 5.7, 2H, 

CH2CH(PPh2)2), 1.94 (s, 2H, NH2).  

13C{1H} NMR (CDCl3, 126 MHz): δ 173.3 (t, J = 3.8, CO), 136.2 (app. t, J = 3.8, Ph), 136.1 

(app. t, J = 2.9,  Ph), 134.7 (app. t, J = 10.5, PhH), 133.6 (app. t, J = 10.5, PhH), 129.1 

(PhH), 128.8 (PhH), 128.3 (app. t, J = 3.8, PhH), 128.1 (app. t, J = 3.8, PhH), 35.3 (t, J = 

9.5, CH2CH(PPh2)2), 27.2 (t, J = 22.9, CH(PPh2)2).  

31P NMR (CDCl3, 202 MHz): δ -6.2. 

FTIR-ATR: ν: 1687 cm-1 (CO). 

HRMS (API): Calculated [M+H]+: 441.1411, Observed: 441.1412. 
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General procedure B using oct-2-yne-3-one (62.1 mg, 0.5 mmol), the product was isolated 

as a yellow oil. 7 mg, 0.01 mmol (3%). 

1H NMR (C6D6, 500 MHz): δ 7.77-7.72 (m, 4H, P(PhH)2), 7.64 – 7.5 (m, 4H, P(PhH)2), 

7.06-6.93 (m, 12H, P(PhH)2), 4.57 (t, J = 5.3, 1H, CH(PPh2)2), 2.53 (td, J = 8.9, 5.5, 2H, 

CH2CH(PPh2)2), 1.26-1.00 (m, 6H, CH2CH2CH2), 0.86 (q, J = 7.3, 2H, CH2CH3), 0.78 (t, J 

= 7.3, 3H, CH3). 

13C{1H} NMR (CDCl3, 126 MHz): δ 207.4 (app. t, J = 2.7, CO), 137.4 (t, J = 5.0, i-PPh), 

137.2 (t, J = 4.3, i-PPh), 135.3 (app. t, J = 11.2, PPhH), 134.0 (app. t, J = 10.5, PPhH), 

129.2 (PPhH), 128.9 (PPhH), 128.6 (app. t, J = 3.4, PPhH), 128.4 (app. t, J = 3.8, PPhH), 

42.6 (t, J = 8.6, CH2CH(PPh2)2), 42.2 (CH2), 31.4 (CH2),  26.6 (t, J = 23.1, CH(PPh2)2), 

23.2 (CH2), 22.7 (CH2), 14.2 (CH3). 

31P NMR (C6D6, 202 MHz): δ -6.1. 

HRMS (API): Calculated [M+H]+: 497.2163, Observed: 497.2166. 
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General procedure B using 1-phenyl-2-propyne-1-one (65.1 mg, 0.5 mmol), the product 

was isolated as a pale orange solid. 160 mg, 0.32 mmol (64%). 

1H NMR (C6D6, 500 MHz): δ 7.83-7.80 (m, 4H, P(PhH)2), 7.65 – 7.57 (m, 4H, P(PhH)2), 

7.35 (d, J = 7.5, 2H, o-Ph), 7.04-7.01 (m, 4H, P(PhH)2), 6.99 – 6.94 (m, 3H, m/p-Ph), 6.92-

6.89 (m, 4H, P(PhH)2), 6.86-6.79 (m, 4H, P(PhH)2), 4.86 (t, J = 5.4, 1H, CH(PPh2)2), 3.21 

(td, J = 9.0, 5.5, 2H, CH2CH(PPh2)2). 
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13C{1H} NMR (CDCl3, 126 MHz): δ 197.7 (app. t, J = 3.2, CO), 136.4 (i-Ph), 136.2 – 136.1 

(i-PPh, i-PPh), 134.7 (app. t, J = 11.1, PPhH), 133.8 (app. t, J = 10.5, PPhH), 132.7 (p-

Ph), 129.1 (PPhH), 128.9 (PPhH), 128.4 (app. t, J = 3.6, PPhH), 128.2 (app. t, J = 3.7, 

PPhH), 128.1 (o-Ph), 127.77 (m-Ph), 38.3 (t, J = 8.9, CH2CH(PPh2)2), 26.7 (t, J = 22.7, 

CH(PPh2)2). 

31P NMR (C6D6, 202 MHz): δ -6.0. 

FTIR-ATR: ν: 1753 cm-1 (CO). 

HRMS (API): Calculated [M+H]+: 503.1694, Observed: 503.1701. 
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General procedure A using 2-ethynylpyridine (50.5 µL, 0.5 mmol), the product was 

isolated as a yellow oil. 218 mg, 0.46 mmol (92%). 

1H NMR (C6D6, 500 MHz): δ 8.42 (d, J = 4.8, 1H, o-pyrH), 7.93-7.90 (m, 4H, P(PhH)2), 

7.53-7.50 (m, 4H, P(PhH)2), 7.09 (t, J = 7.5, 4H, P(PhH)2), 7.01 (t, J = 7.3, 2H, P(PhH)2), 

6.93-6.88 (m, 6H, P(PhH)2), 6.56 (app. td, J = 7.6, J = 1.5, 1H, p-pyrH), 6.40 (dd, J = 7.0, 

J = 5.2, 1H, m-pyrH), 5.83 (d, J = 7.7, 1H, m-pyrH), 4.91 (t, J = 6.0, 1H, CH(PPh2)2), 3.08 

(td, J = 10.0, J = 6.0, 2H, CH2CH(PPh2)2). 

13C{1H} NMR (CDCl3, 126 MHz): δ 160.1 (o-pyr), 148.8 (o-pyrH), 137.0 (app. t, J = 3.7, 

PPh), 136.7 (app. t, J = 4.5, PPh), 135.4 (p-Ar), 134.6 (app. t, J = 11.0, PPhH), 133.8 (app. 

t, J = 10.5, PPhH), 128.7 (PPhH), 128.6 (PPhH), 128.3 (app. t, J = 3.6, PPhH), 127.9 (app. 

t, J = 3.9, PPhH), 123.5 (m-pyrH), 120.6 (m-pyrH), 37.9 (t, J = 9.0, CH2CH(PPh2)2), 30.0 

(t, J = 24.1, CH(PPh2)2). There is a trace of residual C6D6 observed in this spectrum. 

31P NMR (C6D6, 202 MHz): δ -6.2. 

HRMS (API): Calculated [M+H]+: 476.1697, Observed: 476.1703. 
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General procedure A using 3-ethynylpyridine (51.6 mg, 0.5 mmol), the product was 

isolated as a pale yellow oil. 201 mg, 0.42 mmol (85%). 

1H NMR (C6D6, 500 MHz): δ 8.27 (d, J = 4.7, 1H, o-pyrH), 8.20 (s, 1H, o-pyrH), 7.57-7.53 

(m, 4H, P(PhH)2), 7.46-7.42 (m, 4H, P(PhH)2), 7.06-6.92 (m, 12H, P(PhH)2), 6.63 (app. dt, 

J = 7.8, J = 1.9, 1H, p-pyrH), 6.45 (dd, J = 7.8, J = 4.7, 1H, m-pyrH), 3.51 (t, J = 6.2, 1H, 

CH(PPh2)2), 2.95 (td, J = 10.3, J = 6.2, 2H, CH2CH(PPh2)2). 

13C{1H} NMR (CDCl3, 126 MHz): δ 150.8 (o-pyrH), 147.5 (o-pyrH), 137.6 (app. dd, J = 5.7, 

J = 4.8, PPh), 136.7 (app. dd, J = 6.3, J = 5.4, PPh), 136.6 (m-pyr), 135.7 (p-pyrH), 134.6 
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(app. t, J = 11.3, PPhH), 134.2 (app. t, J = 11.1, PPhH), 129.1 (PPhH), 129.0 (PPhH), 

128.7 (app. t, J = 3.6, PPhH), 128.4 (app. t, J = 3.7, PPhH), 122.7 (m-ArH), 35.5 (t, J = 

30.0, CH(PPh2)2), 33.9 (t, J = 10.5, CH2CH(PPh2)2). 

31P NMR (C6D6, 202 MHz): δ -4.9. 

HRMS (API): Calculated [M+H]+: 476.1697, Observed: 476.1708. 
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General procedure A using 4-ethynylpyridine (51.6 mg, 0.5 mmol), the product was 

isolated as a yellow oil. 176 mg, 0.37 mmol (74%). 

1H NMR (CDCl3, 500 MHz): δ 8.14 (d, J = 5.7, 2H, o-pyrH), 7.52-7.49 (m, 4H, P(PhH)2), 

7.41-7.37 (m, 4H, P(PhH)2), 7.32-7.27 (m, 8H, P(PhH)2), 7.21 (app. t, J = 7.4, 4H, 

P(PhH)2), 6.50 (d, J = 5.7, 2H, m-pyrH), 3.42 (t, J = 6.1, 1H, CH(PPh2)2), 2.95 (td, J = 

10.2, J = 6.1, 2H, CH2CH(PPh2)2). 

13C{1H} NMR (CDCl3, 126 MHz): δ 150.3 (t, J = 2.7, p-pyr), 149.0 (o-pyrH), 136.7 (m, 

PPh), 135.8 (app. dd, J = 5.7, J = 4.9, PPh), 134.3 (app. t, J = 11.2, PPhH), 133.7 (app. t, 

J = 11.0, PPhH), 129.2 (PPhH), 129.1 (PPhH), 128.5 (app. t, J = 3.6, PPhH), 128.3 (app. t, 

J = 3.8, PPhH), 124.1 (m-pyrH), 35.6 (t, J = 10.1, CH2CH(PPh2)2), 34.6 (t, J = 29.1, 

CH(PPh2)2). 

31P NMR (CDCl3, 202 MHz): δ -10.0. 

HRMS (API): Calculated [M+H]+: 476.1697, Observed: 476.1699. 
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General procedure C using N-phenyl-1-phenyl-1-iminopropyne (102.6 mg, 0.5 mmol). 

Product recrystallised from MeCN. The product was isolated as a yellow solid. 128 mg, 

0.22 mmol (44%).  

1H NMR (CD2Cl2, 500 MHz): δ 7.65-7.60 (m, 4H, P(PhH)2), 7.54-7.49 (m, 4H, P(PhH)2), 

7.42 (app. t, J =  7.2, 4H, P(PhH)2), 7.36 (app. t, J =  7.9, 8H, P(PhH)2), 7.17-7.11 (m, 3H, 

m/p-PhC),  6.99-6.94 (m, 2H, m-PhN), 6.91 (dd, J = 7.9, J = 1.6, 2H, o-PhC), 6.63 (t, J = 

7.3, 1H, p-PhN), 6.05 (d, J = 7.9, 2H, o-PhN), 5.12 (dt, J = 11.3, J = 4.0, 1H, 

CHCH(PPh2)2), 4.27 (d, J = 11.3, 1H, CH(PPh2)2), 4.15 (s, NH), 1.97 (s, 3H, CNCCH3). 

13C{1H} NMR (CD2Cl2, 126 MHz): δ 144.4 (i-PhN), 140.3 (app. t, J = 5.6, C(NH)Ph), 138.7 

(i-PhC), 137.2 (app. t, J = 6.0, PPh), 136.8 (app. t, J = 5.3, PPh), 134.7 (app. t, J = 10.8, 
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PPhH), 134.5 (app. t, J = 10.9, PPhH), 129.7 (PPhH), 129.6 (PPhH), 129.1 (app. t, J = 3.6, 

PPhH), 129.1 (m-PhN), 128.8 (app. t, J = 3.6, PPhH), 128.6 (m-PhC), 128.1 (p-PhC), 

127.3 (o-PhC), 118.9 (p-ArN), 116.5 (o-ArN/NCCH3), 115.4 (t, J = 4.4, CHCH(PPh2)2), 

38.8 (t, J = 25.5, CH(PPh2)2) 2.23 (NCCH3). 

31P NMR (CD2Cl2, 202 MHz): δ -7.5. 

FTIR-ATR: ν: 3404 cm-1 (NH). 

HRMS (ESI): Calculated [M+H]+: 578.2161, Observed: 578.2164. 

 

262-a      262-b 

Major Minor (confirmed by NOSEY)  

General procedure C using N-phenyl-1-isopropyl-1-iminopropyne (85.6 mg, 0.5 mmol). 

The product was isolated as an oil after filtration and was precipitated by the addition of 

MeCN. The product was isolated as an off-white solid as a mixture of isomers. 146 mg, 

0.27 mmol (54%). Ratio (262-a: 262-b) - 76:24. 

1H NMR (C6D6, 500 MHz): 262-a, δ 7.85-7.75 (m, 8H, P(PhH)2), 7.25 (app. t, J = 7.7, 2H, 

m-PhH), 7.15-6.97 (m, 12H, P(PhH)2), 6.97-6.94 (m, 1H, p-PhH), 6.65 (d, J = 7.5, 2H, o-

PhH), 5.05 (t, J = 4.5, 1H, CH(PPh2)2), 2.81 (td, J = 9.4, J = 4.5, 2H, CH2CH(PPh2)2), 2.47 

(sept., J = 6.9, 1H, CH(CH3)2), 0.31 (d, J = 6.9, 6H, CH3). 

262-b, δ 7.70-7.59 (m, 8H, P(PhH)2), 7.15-7.11 (m, 2H, m-PhH, assigned from COSY), 

7.11-6.97 (m, 12H, P(PhH)2, assigned from COSY), 6.79 (t, J = 7.5, 1H, p-PhH), 6.41 (d, J 

= 7.8, 2H, o-PhH), 5.08 (dt, J = 10.8, J = 3.7, 1H, CHCH(PPh2)2), 4.42 (d, J = 10.8, 1H, 

CH(PPh2)2), 3.90 (s, 1H, NH), 2.56 (sept., J = 6.8, 1H, CH(CH3)2), 0.72 (d, J = 6.8, 6H, 

CH3). 

13C{1H} NMR (C6D6, 126 MHz): 262-a, δ 175.5 (t, J = 2.1, C(N)Ph), 152.1 (i-Ph), 138.1 

(app. t, J = 4.9, PPh), 137.9 (app. t, J = 5.3, PPh), 135.4 (app. t, J = 11.3, PPhH), 134.3 

(app. t, J = 10.8, PPhH), 129.3 (m-PhH), 129.0 (PPhH), 128.7 (PPhH), 128.5 (app. t, J = 

3.5, PPhH), 128.3 (app. t, J = 3.8, PPhH, partially obscured by solvent), 122.9 (p-PhH), 

119.2 (o-PhH), 32.7 (t, J = 9.8, CH2CH(PPh2)2), 31.9 (CH(CH3)2), 24.6 (t, J = 23.2 

(CH(PPh2)2), 19.7 (CH3). 

262-b, not all peaks were observed due to being a minor component. δ 146.6 (C(NH)Ph), 

135.1 (app. t, J = 10.9, PPhH), 134.3 (app. t, J = 10.8, PPhH), 119.3 (p-ArN), 117.0 (o-

ArN), 111.0 (t, J = 4.7, CHCH(PPh2)2), 36.3 (t, J = 25.1, CH(PPh2)2), 29.5 (CH(CH3)2), 

21.8 (CH3). 

31P NMR (C6D6, 202 MHz): δ 262-a, -2.5. 262-b, -7.9. 

HRMS (API): Calculated [M+H]+: 544.2323, Observed: 518.2328. 
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264-a            264-b            264-c 

Major     Minor 1     Minor 2 

General procedure C using N-isopropyl-1- phenyl-1-iminopropyne (85.6 mg, 0.5 mmol). 

The product was isolated as an oil after filtration and was precipitated by the addition of 

MeCN. The product was isolated as an off-white solid as a mixture of isomers. 154 mg, 

0.28 mmol (57%). Ratio (264-a: 264-b: 264-c) – 75:18:8 

1H NMR (C6D6, 500 MHz): 264-a, δ 7.88-7.85 (m, 4H, P(PhH)2), 7.72-7.70 (m, 4H, 

P(PhH)2), 7.14-6.97 (m, 12H, P(PhH)2), 6.93-6.88 (m, 3H, m/p-PhH), 6.30-6.21 (m, 2H, o-

PhH), 5.21 (t, J = 4.6, 1H, CH(PPh2)2), 3.42 (sept., J = 6.1, 1H, CH(CH3)2), 2.90 (td, J = 

9.4, J = 4.7, 2H, CH2CH(PPh2)2), 1.13 (d, J = 6.2, 6H, CH3). 

264-b. Not all peaks were observed due to being a minor component: δ 7.82-7.78 (m, 4H, 

P(PhH)2), 7.68-7.64 (m, 4H, P(PhH)2), 7.15-7.11 (m, assigned from COSY), 7.11-6.97 (m, 

assigned from COSY), 4.61 (dt, J = 10.7, J = 4.2, 1H, CHCH(PPh2)2), 4.19 (d, J = 10.7, 

1H, CH(PPh2)2), 3.01-2.92 (m, 1H, CH(CH3)2), 2.57 (d, J = 9.2, 1H, NH), 0.67 (d, J = 6.3, 

6H, CH3). 

264-c. Not all peaks were observed due to being a minor component due to being a minor 

component: δ 7.68-7.64 (m, 4H, P(PhH)2), 7.62-7.58 (m, 4H, P(PhH)2), 4.54 (dt, J = 11.7, 

J = 4.1, 1H, CHCH(PPh2)2), 4.22 (d, J = 11.7, 1H, CH(PPh2)2), 3.01-2.92 (m, 1H, 

CH(CH3)2), 0.73 (d, J = 6.4, 6H, CH3). 

13C{1H} NMR (CD2Cl2, 126 MHz): 264-a, δ 165.9 (app. t, J = 2.1, C(N)iPr),), 140.2 (i-Ph), 

138.1 (app. t, J = 4.2, PPh), 137.6 (app. t, J = 5.5, PPh), 135.4 (app. t, J = 11.2, PPhH), 

134.3 (app. t, J = 10.5, PPhH), 129.3 (PPhH), 129.1(PPhH), 128.6 (app. t, J = 3.5, PPhH), 

128.6 (m-PhH), 128.5 (app. t, J = 3.7, PPhH), 128.1 (p-PhH), 126.0 (o-PhH), 52.5 

(CH(CH3)2), 41.0 (t, J = 8.4, CH2CH(PPh2)2), 24.9 (t, J = 22.0 (CH(PPh2)2), 24.3 (CH3).  

264-b. Not all peaks were observed due to being a minor component. δ 146.5 (app. t, J = 

4.9, C(NH)iPr), 140.3 (i-Ph), 137.9 (m, PPh), 137.4 (m, PPh), 135.0 (app. t, J = 10.8, 

PPhH), 134.5 (app. t, J = 10.8, PPhH), 128.9 (app. t, J = 3.5, PPhH), 100.7 (t, J = 4.5, 

CHCH(PPh2)2), 45.2 (CH(CH3)2), 38.0 (t, J = 24.5, CH(PPh2)2), 24.6 (CH3). 

264-c. Not all peaks were observed due to being a minor component. δ 93.1 

(CHCH(PPh2)2, assigned from HSQC), 44.8 (CH(CH3)2), 35.7 (CH(PPh2)2, assigned from 

HSQC), 23.4 (CH3). 

31P NMR (C6D6, 202 MHz): δ 264-a, -3.0. 264-b, -5.9. 264-c, -2.4. 

HRMS (API): Calculated [M+H]+: 544.2323, Observed: 518.2329. 
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266 

 
1H NMR (C6D6, 500 MHz): δ 7.66-7.52 (m, 8H, P(PhH)2), 7.12-6.98 (m, 14H, P(PhH)2/m-

PhH), 6.74 (t, J = 7.3, 1H, p-PhH), 6.06 (d, J = 7.6, 2H, o-PhH), 5.79 (dt, J = 10.5, J = 4.4, 

1H, CHCH(PPh2)2), 4.22 (d, J = 10.8, 1H, CH(PPh2)2), 3.38 (s, 1H, NH), 0.84 (s, 9H, CH3). 

13C{1H} NMR (C6D6, 126 MHz): δ  146.7 (i-Ph), 145.9 (app. t, J = 6.7, C(NH)Ph), 137.2 (m, 

PPh), 136.2 (app. t, J = 5.1, PPh), 134.8 (app. t, J = 11.4, PPhH), 134.4 (app. t, J = 10.7, 

PPhH), 129.3 (m-PhH), 128.8 (PPhH), 128.3 (PPhH), 128.1 (app. t, J = 3.8, PPhH,), 118.6 

(t, J = 5.5, CHCH(PPh2)2), 117.3 (p-PhH), 113.8 (o-PhH), 38.1(C(CH3)3), 36.4 (t, J = 

26.3(CH(PPh2)2), 28.6 (CH3). One signal missing for PPhH. 

31P NMR (C6D6, 202 MHz): δ -3.6 

 

 Compounds in Chapter 5 6.4.

 General considerations D 6.4.1.

Solvents and reagents were obtained from commercial sources (Sigma Aldrich, Fischer, 

ACROS). Acetonitrile and fluorobenzene were dried over CaH2 prior to use. d6-Benzene 

(C6D6) and d1-chloroform (CDCl3) for NMR spectroscopy were used without further 

purification, d2-dichloromethane (CD2Cl2) was dried over CaH2 prior to use. Where 

appropriate, reagents were handled under an inert atmosphere either using a Schlenk line 

(nitrogen) or a glove box (argon). Glassware was oven dried (100 ˚C) and flamed under 

vacuum where applicable. 1H, 13C, and 31P NMR spectra were recorded on a 400/500 

Bruker or 500 Agilent spectrometer at 298 K unless stated otherwise. 1H and 13C NMR 

spectra were referenced to residual solvent peaks. 31P was referenced to an external 

standard of PPh3 in C6D6 (-5 ppm). When fluorobenzene was used as a solvent the 

samples were locked to a capillary of C6D6. Air sensitive mass spectrometry was carried 

out using a Bruker microTOF-Q (ESI) spectrometer. Crystal structures were obtained from 

either a Rigaku Oxford Diffraction Xcalibur (MoKα (λ = 0.71073)) or Supernova (CuKα (λ = 

1.54184)) diffractometer. 

 

 Starting materials 6.4.2.

 Synthesis of propynamides 6.4.2.1.

This reaction was adapted from a literature procedure.182 The reaction was performed 

under an atmosphere of N2. Amine (20 mmol) and DMAP (24 mg, 1 mol%) were added to 

CH2Cl2 (24 mL) followed by propiolic acid (1.36 mL, 22 mmol) and the solution was cooled 
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to 0 ˚C. To this, a solution of DCC (4.52 g, 22 mmol) in CH2Cl2 (6 mL) was added 

dropwise and the reaction was then allowed to warm to RT and stirred for 2 h. Once 

complete, the reaction mixture was filtered through Celite and washed through with Et2O 

before the solvent was removed in vacuo. The crude product was then purified by column 

chromatography (30% EtOAc/Petroleum ether, silica gel) and the solvent was removed 

yielding pure propynamides.  

 

N-dimethylphenylpropynamide 

282-a   282-b 

  

Isolated as an off-white solid 2.02 g (58 %). 1H NMR shows there are rotamers in solution 

(2.8:1, 282-a:282-b). 

 

1H NMR (500 MHz, CDCl3): 282-a, δ 7.19 (m, 1H, p-Ph), 7.11-7.07 (m, 2H, m-Ph), 6.97 

(br. s, 1H, NH), 2.72 (s, 1H, C≡CH), 2.32 (s, 6H, CH3). 

283-b, δ 7.14 (t, J = 6.6, 1H, p-Ph), 7.11-7.07 (m, 2H, m-Ph), 7.06 (br. s, 1H, NH), 2.91 (s, 

1H, C≡CH), 2.27 (s, 6H, CH3). 

13C{1H) NMR (126 MHz, CDCl3): 282-a, δ 150.5 (CO), 135.6 (o-Ar), 132.3 (i-Ar), 128.2 (p-

Ar), 128.5 (m-Ar), 78.3 (CCH), 74.0 (CCH), 18.5 (CH3). 

282-b, δ 155.2 (CO), 137.3 (o-Ar), 128.7 (p-Ar), 128.5 (m-Ar), 77.5 (CCH), 18.7 (CH3). 

CCH and i-Ar not observed. 

 

N-diisopropylphenylpropynamide 

283-a     283-b 

     

Further purified by recrystallisation (toluene at -18 °C). Isolated as a white solid 2.28 g (50 

%). 1H NMR shows there are rotamers in solution (2:1, 283-a:283-b). Rotamer structures 

determined by VT NMR.  

 

1H NMR (500 MHz, CDCl3): 283-a, δ 7.32 (t, J = 7.8, 1H, p-Ph), 7.20 (app. t, J = 7.6, 2H, 

m-Ph), 7.16 (br. s, 1H, NH), 3.09 (h, J = 6.9, 2H, CH), 2.91 (s, 1H, C≡CH), 1.21 (d, J = 

6.9, 12H, CH3). 
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283-b, δ 7.51 (br. s, 1H, NH), 7.32 (t, J = 7.7, 1H, p-Ph), 7.20 (app. t, J = 7.6, 2H, m-Ph), 

3.22 (h, J = 6.9, 2H, CH), 2.76 (s, 1H, C≡CH), 1.28 (d, J = 6.9, 6H, CH3), 1.18 (d, J = 6.9, 

6H, CH3). 

13C{1H) NMR (126 MHz, CDCl3): 283-a, δ 151.6 (CO), 146.3 (o-Ar), 129.3 (i-Ar), 129.1 (p-

Ar), 123.7 (m-Ar), 79.5 (CCH), 74.0 (CCH), 28.9 (CH), 23.6 (CH3). 

283-b, δ 151.9 (CO), 147.4 (o-Ar), 130.4 (i-Ar), 129.4 (p-Ar), 123.7 (m-Ar), 77.4 (CCH), 

75.4 (CCH), 28.6 (CH), 24.1 (CH3). 23.1 (CH3). 

 

 Ligand synthesis 6.4.2.2.

A Schlenk flask was charged with KHMDS (300 mg, 1.5 mmol) before adding MeCN (3 

mL). To this suspension HPPh2 (1.04 mL, 6 mmol) was added with stirring. A solution of 

the propynamide (3 mmol) in MeCN (4 mL) was added dropwise over 10 mins and the 

solution was stirred for 16 h. The reaction was quenched by addition of MeOH. Solvent 

was removed in vacuo, yielding the crude product. The crude product was mounted on 

alumina and purified by filtration through an alumina plug under an inert atmosphere (5% 

DCM/hexane (removes most HPPh2) – 50% DCM/hexane).  

 

280 

 

Synthesised from N-dimethylphenylpropynamide (520 mg, 3 mmol). The product was 

isolated as a white powder. 1.08 g (66 %). 

 

1H NMR (500 MHz, C6D6): δ 7.84-7.78 (m, 4H, PPh2), 7.73-7.67 (m, 4H, PPh2), 7.08-6.95 

(m, 12H, PPh2), 6.94 (app. dd, J = 8.5, J = 6.3, 1H, p-ArH), 6.89 (d, J = 7.4, 2H, m-ArH), 

5.08 (s, 1H, NH), 4.63 (t, J = 5.0, 1H, CH(PPh2)2), 2.49 (td, J = 9.9, J = 5.0, 2H, 

CH2CH(PPh2)2), 1.83 (s, 6H, ArCH3). 

13C{1H) NMR (126 MHz, C6D6): δ 168.9 (t, J = 2.9, CO), 137.6 (app. q, J = 5.6, PPh2), 

135.8 (s, o-ArMe), 135.0 (app. t, J = 11.2, PPh2H), 134.9 (i-Ar), 134.3 (app. t, J = 10.7, 

PPh2H), 129.1 (PPh2H), 129.0 (PPh2H), 128.7 (app. t, J = 3.6, PPh2H), 128.5 (app. t, J = 

3.7, PPh2H), 128.1 (s, m-ArH), 127.1 (s, p-ArH), 36.0 (t, J = 10.1, CH2CH(PPh2)2), 26.1 (t, 

J = 24.5, CH2CH(PPh2)2), 18.7 (s, ArMe). 

31P NMR (202 MHz, C6D6): δ -3.6. 
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281-a    281-b 

   

Synthesised from N-diisopropylphenylpropynamide (520 mg, 3 mmol). The product was 

isolated as a white powder. 1.23 g (68 %). 1H and 31P NMR shows there are rotamers in 

solution (5:1, 281-a:281-b). 

 

1H NMR (500 MHz, CDCl3): 281-a, δ 7.54-7.50 (m, 4H, PPh2), 7.43-7.40 (m, 4H, PPh2), 

7.26-7.08 (m, 13H, p-ArH/PPh2), 7.01 (d, J = 7.8, 2H, m-ArH), 6.04 (s, 1H, NH), 4.09 (t, J 

= 5.1, 1H, CH(PPh2)2), 2.55 (td, J = 9.9, J = 5.1, 2H, CH2CH(PPh2)2), 2.49 (sept., J = 6.9, 

2H, CH),  0.96 (d, J = 6.9, 12H, CH3). 

281-b, δ 7.34-7.31 (m, 4H, PPh2), 7.26-7.08 (m, 17H, p-ArH/PPh2), 6.95 (d, J = 7.8, 2H, 

m-ArH), 6.26 (s, 1H, NH), 4.13 (t, J = 5.4, 1H, CH(PPh2)2), 2.47 (sept., J = 6.9, 2H, CH, 

obscured by H of 281-a), 2.03 (td, J = 10.8, J = 5.4, 2H, CH2CH(PPh2)2), 0.83 (d, J = 6.9, 

12H, CH3), 0.72 (d, J = 6.9, 12H, CH3). 

13C{1H) NMR (126 MHz, CDCl3): 281-a, δ 170.5 (t, J = 3.3, CO), 146.3 (s, o-Ar) 136.5 (m, 

PPh2), 134.5 (app. t, J = 11.0, PPh2H), 134.0 (app. t, J = 10.5, PPh2H), 131.0 (i-Ar), 129.1 

(PPh2H), 128.9 (PPh2H), 128.4 (m, p-ArH/PPh2H), 123.5 (s, m-ArH), 35.9 (t, J = 9.8, 

CH2CH(PPh2)2), 28.5 (s, CH(CH3)2), 25.8 (t, J = 24.3, CH2CH(PPh2)2), 23.7 (s, CH3). 

281-b, 146.9 (s, o-Ar), 134.5 (app. t, J = 11.1, PPh2H), 134.4 (app. t, J = 10.7, PPh2H), 

131.0 (i-Ar), 129.0 (PPh2H), 128.7 (PPh2H), 128.2 (m, p-ArH/PPh2H), 123.8 (s, m-ArH), 

28.3 (s, CH(CH3)2), 25.0 (s, CH3), 14.3 (s, CH3). Not all peaks observed due to being the 

minor component. 

31P NMR (202 MHz, C6D6): δ -3.2 (281-b), -3.4 (281-a). 

 

 Complexes 6.4.3.

 Model titanium complexes 6.4.3.1.

284 

 

This reaction cannot be performed on a scale greater than 0.023 mmol as the reaction 

begins to form unwanted side products. 

A J-Young NMR tube was charged with 247 (25 mg, 0.046 mmol) and then benzene (0.5 

mL) was added without stirring. Ti(NMe2)4 (277, 5.3 µL, 0.023 mmol) was added to the 
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solution and they were mixed at RT and left for 1 h. The compound is characterised in 

situ. Spectroscopic conversion, 100%. 

 

1H NMR (500 MHz, C6D6): δ 7.74-7.67 (m, 8H, PPh2H), 7.49-7.43 (m, 8H, PPh2H), 7.11-

6.93 (m, 28H, PPh2H/m-ArH), 6.87 (t, J = 7.5, 2H, p-ArH) 6.57 (d, J = 7.4, 4H, o-ArH), 4.41 

(t, J = 6.3, 2H, CH2CH(PPh2)2), 3.41 (s, 12H, NMe2), 2.72 (td, J = 11.1, J = 6.3, 4H, 

CH2CH(PPh2)2). 

13C{1H) NMR (126 MHz, C6D6): δ 180.5 (m, CO), 145.6 (s, i-Ar), 137.4 (app. t, J = 5.7, 

PPh2), 136.9 (app. t, J = 6.2, PPh2), 134.2 (app. t, J = 10.9, PPh2H), 134.1 (app. t, J = 

10.7, PPh2H), 128.5 (PPh2H), 128.3 (app. t, J = 3.6, PPh2H), 128.2 (app. t, J = 4.6, 

PPh2H), 128.2 (s, m-ArH). 128.1 (app. t, J = 3.5, PPh2H), 124.5 (o-ArH), 123.9 (p-ArH), 

46.5 (NMe2), 33.0 (t, J = 11.6, CH2CH(PPh2)2), 26.2 (t, J = 29.0, CH2CH(PPh2)2)). 

31P NMR (202 MHz, C6D6): δ -4.5.  

 

289 

 

 

This reaction cannot be performed on a scale greater than 0.15 mmol as the reaction 

begins to form unwanted side products. 

3 Schlenk flasks were charged with 280 (168 mg, 0.308 mmol) and then benzene (10 mL) 

was added without stirring. 277 (34.6 µL, 0.15 mmol) was added to the solution and they 

were stirred slowly at RT for 16 h. The samples were combined and the solvent removed. 

Residual benzene and HPPh2 were removed from the crude product by dissolving the 

solid in hot hexane (5 mL) and cooling the solution to -78 °C then filtering through a 

cannula. The resulting solid was washed with a further 2 mL of cold hexane. The 

compound was dried in vacuo and used without further purification. The compound was 

isolated as an orange powder, 1H NMR shows 0.5 eq hexane. 441 mg (77 %).  

 

1H{31P} NMR (500 MHz, C6D6): δ 7.66 (br. s, 8H, PPh2H), 7.21 (br. s, 8H, PPh2H), 7.11-

6.93 (m, 30H, PPh2H/Ar/H), 4.15 (t, J = 7.0, 2H, CH2CH(PPh2)2), 3.48 (s, 12H, NMe2), 

2.49 (d, J = 7.0, 4H, CH2CH(PPh2)2), 2.20 (s, 12H, ArMe). 

13C{1H) NMR (126 MHz, C6D6): δ 181.7 (CO), 143.7 (s, o-ArMe), 137.6-137.5 (m, PPh2), 

137.4-137.3 (m, PPh2), 134.8-134.6 (m, PPh2H), 134.2-134.0 (m, PPh2H), 133.3 (m-ArH), 

129.0 (PPh2H), 128.8 (app. t, J = 3.6, PPh2H), 128.5 (PPh2H), 128.4 (app. t, J = 3.2, 



237 
 

PPh2H), 124.9 (p-ArH), 47.3 (NMe2), 34.7 (t, J = 11.9, CH2CH(PPh2)2), 25.7 (t, J = 32.4, 

CH2CH(PPh2)2), 18.8 (s, ArMe). i-Ar carbon not found. 

31P NMR (202 MHz, C6D6): δ -4.3.  

 

 Model rhodium complexes 6.4.3.2.

290 

 

 

A Schlenk flask was charged with [Rh(COE)2Cl]2 (268, 28.7 mg, 0.04 mmol), 247 (84 mg, 

0.016 mmol) and NaBArF (70.8 mg, 0.08 mmol). To this DCM (3 mL) was added and the 

mixture was stirred at RT for 4 h. The solvent was removed and the solid was washed 

with pentane (3 x 3 mL) and dried again. The compound was isolated as an orange 

powder. 134 mg (60 %). Crystals suitable for XRD were grown from a saturated benzene 

solution. 

 

1H{31P} NMR (500 MHz, CD2Cl2): δ 7.73 (br. s, 8H, BArF), 7.61 (d,  J = 7.2, 8H, PPh2H), 

7.56 (br. s, 4H, BArF), 7.50 (d, J = 7.0, 8H, PPh2H), 7.44-7.01 (m, 34H, PPh2H/ArH), 6.33 

(s, 2H, NH), 5.93 (t, J = 7.2, 2H, CH(PPh2)2), 2.09 (d, J = 7.2, 4H, CH2CH(PPh2)2). 

11B NMR (160 MHz, CD2Cl2): δ -6.6 (m). 

13C{1H) NMR (126 MHz, CD2Cl2): δ 167.1 (m, CO), 162.3 (q, J = 50, ArF), 137.6 (i-Ph), 

136.3 (m, PPh2H), 135.4 (br. s, ArF), 132.5 (m, PPh2H), 132.3 (PPh2H), 131.3 (PPh2H), 

131.1 (PPh2), 129.7 (PPh2H), 129.5 (s, m-NPh),  129.4 (qq, J = 32, J = 3, ArF), 129.2 

(PPh2H), 128.4 (m, PPh2), 125.2 (q, J = 272, ArF), 125.2 (s, p-NPh) 120 .2 (s, o-NPh), 

118.0 (sept. J = 4, ArF), 52.3 (m, CH2CH(PPh2)2), 38.6 (s, CH2CH(PPh2)2). 

19F NMR (470 MHz, CD2Cl2): δ -62.9. 

31P{1H) NMR (202 MHz, CD2Cl2): δ -7.9 (d, 2JRh = 115.9). 

HRMS (ESI): Calculated [M]+: 1137.2498, Observed: 1137.2427. 

 

296 
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A Schlenk flask was charged with [Rh(dppe)Cl]2 (294, 42.4 mg, 0.04 mmol), 247 (42 mg, 

0.08 mmol) and NaBArF (70.8 mg, 0.08 mmol). To this DCM (3 mL) was added and the 

mixture was stirred at RT for 4 h. The solvent was removed, resulting in a yellow powder. 

107 mg (71 %).  

 

1H{31P} NMR (500 MHz, CD2Cl2): δ 7.73 (br. s, 8 H, BArF), 7.61 (m, 2H, PPh2H), 7.56 (br. 

s, 4 H, BArF), 7.46 -7.04 (m, 40H, PPh2H/NPhH), 7.05 (d, J = 7.8, 2H, o-NPhH), 7.03 (m, 

1H, p-NPhH, assigned from HSQC), 6.38 (s, 1H, NH), 5.63 (t, J = 7.1, 1H, CH(PPh2)2), 

2.36-2.29 (m, 2H, CH2CH2), 2.25 (d, J = 7.1, 2H, CH2CH(PPh2)2), 2.19-2.13 (m, 2H, 

CH2CH2). 

13C{1H) NMR (126 MHz, CD2Cl2): δ 166.9 (s, CO), 162.3 (q, J = 50, ArF), 137.6 (s, i-NPh), 

136.0 (m, PPh2H), 135.4 (br. s, ArF), 133.9 (m, PPh2H), 133.0 (m, PPh2H), 132.2 (s, 

PPh2H), 131.4 (m, PPh2H), 129.81-29.0 (m, ArF/m-NPh/PPh2H), 127.7 (PPh2), 125. 2 (q, J 

= 272, ArF) 125.2 (s, p-NPh), 120.2 (s, o-NPh), 118.0 (sept. J = 4, ArF), 52.3 (m, 

CH2CH(PPh2)2, assigned form HSQC ), 38.6 (s, CH2CH(PPh2)2, assigned form HSQC), 

28.3 (m, CH2PPh2, assigned form HSQC). 

31P{1H) NMR (202 MHz, CD2Cl2): δ 57.8 (dd 2JPP = 258, 1JRhP = 133, dppe), -7.4 (d, 2JPP = 

258, 1JRhP = 115.6, Ph-247). 

HRMS (ESI): Calculated [M]+: 1018.2127, Observed: 1018.2059. 

 

301 

 

A Schlenk flask was charged with 294 (10.6 mg, 0.01 mmol), 281 (10.9 mg, 0.02 mmol) 

and NaBArF (17.9 mg, 0.02 mmol). To this fluorobenzene (0.5 mL) was added and the 

mixture was stirred at RT for 4 h. The solvent was removed, resulting in a yellow powder. 

The compound has not been isolated. 

 

1H{31P} NMR (500 MHz, CD2Cl2): δ 7.75 (br. s, 8 H, BArF), 7.57 (br. s, 4 H, BArF), 7.46 -

7.95 (m, 43H, PPh2H/NPhH), 6.33 (s, 1H, NH), 5.72 (t, J = 6.1, 1H, CH(PPh2)2), 2.45 (d, J 

= 6.1, 2H, CH2CH(PPh2)2), 2.40-2.34 (m, 2H, CH2CH2), 2.19-2.11 (m, 2H, CH2CH2), 1.81 

(s, 6H, ArMe). 

13C{1H) NMR (126 MHz, CD2Cl2): δ 167.6 (t, J = 5.1 , CO), 162.3 (q, J = 50, ArF), 136.4 

(m, PPh2H),  136.0 (i-NPh), 135.4 (br. s, ArF), 133.9 (m, PPh2H), 132.8 (m, PPh2H), 132.7 

(m, PPh2H), 132.3 (s, PPh2H), 129.6-129.1 (m, ArF/m-NPh/PPh2H), 127.7 (PPh2), 125. 2 
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(q, J = 272, ArF) 118.1 (sept. J = 4, ArF), 54.3 (CH2CH(PPh2)2, assigned form HSQC, 

under CD2Cl2), 36.7 (s, CH2CH(PPh2)2), 29.0 (m, CH2PPh2), 18.5 (ArMe). Not all peaks 

assigned due to impurities. 

31P{1H) NMR (202 MHz, CD2Cl2): δ 58.5 (dd 2JPP = 257, 1JRhP = 134, dppe), -3.1 (d, 2JPP = 

258, 1JRhP = 116, Ph-PCP).  
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Appendix I 

Starting materials 

 

Titanium complexes 

 

Rhodium complexes 
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Bimetallic complexes 
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Appendix II – Crystallographic data 

Chapter 2  

 
105 110 111 

Empirical 
formula 

C24H30B3N3 C63H96Fe2N4 C33H58B2FeN4 

Formula weight 392.94 1021.13 588.30 

Temperature/K 150.01(10) 150.00(10) 150.01(10) 

Crystal system hexagonal monoclinic orthorhombic 

Space group P63/m P21/c Pna21 

a/Å 11.79313(16) 11.5287(3) 19.3421(3) 

b/Å 11.79313(16) 18.0535(5) 11.87070(19) 

c/Å 9.42443(16) 28.9726(8) 14.7785(2) 

α/° 90 90 90 

β/° 90 97.955(3) 90 

γ/° 120 90 90 

Volume/Å
3
 1135.13(4) 5972.1(3) 3393.20(9) 

Z 2 4 4 

R1 [I>=2σ (I)] 0.0345 0.0579 0.0309 

 

Chapter 3  

 
141 142 143 144 

Empirical 
formula 

C40H62FeN4Si C33H51FeN3 C35H47FeN3 C39H53FeN3 

Formula weight 682.87 545.64 565.60 619.72 

Temperature/K 150.00(10) 150.0(2) 150.00(10) 150.01(10) 

Crystal system monoclinic monoclinic monoclinic triclinic 

Space group P21/n I2/m P21/c P-1 

a/Å 17.3357(4) 11.9969(5) 18.5266(4) 11.6550(7) 

b/Å 13.3338(3) 18.4801(8) 8.6425(2) 12.3116(9) 

c/Å 17.7866(4) 15.4208(7) 40.4296(9) 13.8020(7) 

α/° 90 90 90 78.609(5) 

β/° 102.706(2) 97.201(4) 99.822(2) 83.276(4) 

γ/° 90 90 90 65.686(6) 

Volume/Å
3
 4010.72(16) 3391.9(3) 6378.5(3) 1767.8(2) 

Z 4 4 8 4 

R1 [I>=2σ (I)] 0.0364 0.0366 0.0629 0.0540 
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Chapter 4  

Table S3 - Selected crystallographic data 

 
178 205 245 251 260 

Empirical 
formula 

C22H19P C29H28O2P2 C34H31NOP2 C33H28OP2 C41H36N2P2 

Formula weight 314.34 470.45 531.54 502.49 618.66 

Temperature/K 150.00(10) 150.03(10) 150.00(10) 150.00(10) 150.00(10) 

Crystal system orthorhombic triclinic monoclinic monoclinic monoclinic 

Space group Pna21 P-1 Cc P21/c P21/n 

a/Å 15.9327(2) 9.8918(3) 17.0617(3) 6.2505(2) 10.1534(3) 

b/Å 17.7483(3) 11.8798(7) 10.74210(10) 22.1889(9) 18.1256(4) 

c/Å 6.06371(11) 12.5977(6) 17.4615(3) 18.8017(6) 18.7968(5) 

α/° 90 117.242(5) 90 90 90 

β/° 90 103.910(3) 117.433(2) 93.871(3) 99.266(3) 

γ/° 90 98.150(4) 90 90 90 

Volume/Å
3
 1714.68(5) 1222.00(11) 2840.44(9) 2601.69(16) 3414.16(16) 

Z 4 2 4 4 4 

R1 [I>=2σ (I)] 0.0338 0.0360 0.0230 0.0441 0.0437 

 

Chapter 5  

 
178 

Empirical 
formula 

C134H106BF24N2O2P4Rh 

Formula weight 2469.80 

Temperature/K 150.00(10) 

Crystal system monoclinic 

Space group P21/c 

a/Å 15.2503(2) 

b/Å 16.9253(3) 

c/Å 45.8170(5) 

α/° 90 

β/° 98.3831(10) 

γ/° 90 

Volume/Å
3
 11699.8(3) 

Z 4 

R1 [I>=2σ (I)] 0.0456 

 

 


